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Abstract 
 
The Southern Ocean is an extreme cold environment with regions that can be variable in 
their temperature profiles. The low latitudes of the western Antarctic Peninsula (WAP) 
experience freezing sea surface water temperatures and ice formation only during the austral 
winter but the water below 100 m is warmer due to the effects of the Circumpolar Deep Water 
(CDW) that flows onto the shelf. During the winter the temperature gradient can range from -
1.9°C at the surface to +2.0°C at depth. In contrast, the high latitude regions of the southwestern 
Ross Sea and McMurdo Sound can be at the freezing point of seawater (-1.9°C) nearly year-
round. McMurdo Sound is bordered to the south by the Ross Ice Shelf which is a source of 
upwelling of supercooled water. In the WAP environmental ice crystals are found only in the 
surface water from surface ice formation during the winter while the southwestern Ross Sea is 
ice covered for much of the year. 
The presence of environmental ice crystals poses a challenge for marine ectotherms. 
Despite this, marine life is abundant in this region. The largest group of fishes in this region is 
the suborder Notothenioidei. For notothenioid fishes blood serum osmolytes only depress the 
freezing point of their blood to about -1.0°C, almost a full degree warmer than the environmental 
freezing point. The success of this group in the Southern Ocean is attributable in part to the 
evolution of blood antifreeze proteins (AFPs) that adsorb to the surface of internalized ice 
crystals and inhibit their growth. The non-colligative depression of the blood serum freezing 
point can contribute enough protection to prevent freezing down to or below the freezing point of 
seawater. The evolution of AFPs is what allowed the notothenioid fishes to dominate the 
ichthyofaunal biomass of the Southern Ocean after freezing water temperatures caused most of 
iii 
 
the late Eocene fish fauna to go extinct. Notothenioids have two types of AFPs: antifreeze 
glycoproteins (AFGPs) that are comprised of glycosylated tripeptide repeats of various sizes 
from large size isoforms with numerous repeats to small size isoforms with relatively few 
tripeptide repeat sequences, and an antifreeze potentiating protein (AFPP) that potentiates the 
activity of the AFGPs. 
The largest family within Notothenioidei is the Nototheniidae, comprised of 49 species in 
13 genera. Members of this family are found in both the WAP and Ross Sea regions of the 
Southern Ocean. Some species are confined to the WAP while others can be found circum-
Antarctic. Fishes inhabiting the shallow and deep water environments in these regions have 
different temperature and ice conditions to contend with. Populations that are in the high latitude 
regions have increased threat of freezing due to the high prevalence of exogenous ice and have 
increased need for freeze protection than populations inhabiting the warm +2.0°C CDW. 
Because of this, populations inhabiting different thermal environments are hypothesized to have 
different AFP activities and different concentrations of circulating AFPs. 
To investigate whether populations of species within a genus differed in their AFPs and 
freezing points I sampled ten species from the genus Trematomus (family Nototheniidae) from 
both the high latitude southwestern Ross Sea and the WAP. This genus is often considered a high 
latitude radiation due to its abundance in both the shallow and deep water in this region. Surface 
temperature and environmental ice was similar in both locations but deep water temperatures 
differed with the southwestern Ross Sea having bottom temperatures of -1.9°C and the WAP as 
warm as +0.3°C. For both populations I investigated the contributions of the AFGP and AFPP 
activity to the blood serum freezing point depression in order to determine how they varied with 
depth, water temperature, and the presence of ice. Trematomids from the southwestern Ross Sea 
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had lower blood serum freezing points than those inhabiting the WAP due to increased AFP 
activity from both the AFGPs and the AFPP. Populations from two species (Trematomus hansoni 
and Trematomus bernacchii) were collected from both shallow and deep waters within the Ross 
Sea where shallow and deep temperatures are the same (-1.9°C) but environmental ice crystals 
are found only in the shallow water. The populations from shallow depths had lower blood serum 
freezing points than populations inhabiting deep, ice-free water. 
I expanded this study to include more species from multiple genera from the WAP. 
Fishes were sampled during the austral winter 2014 when bottom water was between +0.5°C and 
-0.5°C. Five species from two of the four genera sampled are found circum-Antarctic, including 
three species from the genus Trematomus, the remaining three species from two genera are only 
found in the WAP. Given the variability I observed in trematomids from the WAP I 
hypothesized that species and whole genera of species would differ from one another in their 
blood freezing points, antifreeze activity, and AFGP concentration with regard to whether 
populations of the species were confined to the WAP or if they could be found circum-Antarctic. 
Species differed from one another in their AFP activity and AFGP concentration regardless of 
whether they were found solely in the WAP or if they could be found circum-Antarctic. Fish that 
are found only in deep water had lower AFGP concentrations and higher blood freezing points 
than fish that can be found in both shallow and deep water habitats. As I previously observed 
with the trematomids, species within a genus differed significantly from one another for 
Trematomus but did not differ from one another for Notothenia likely due to those species’ 
similar habitats and circum-Antarctic distributions. Despite the warm CDW temperature, all 
species had blood freezing points at or below the freezing point of seawater. 
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I also focused on the southwestern Ross Sea where there is very little thermal variation 
for much of the year. I was interested in following one species with shallow water populations 
during the transition from freezing water temperatures through the onset of summer warming 
when water temperatures increased from -1.90°C to -0.31°C. I collected blood samples from T. 
bernacchii at three locations within McMurdo Sound. One site was sampled three times: once 
before the onset of summer warming, and twice after summer warming had already occurred. 
High resolution long deployment temperature loggers and conductivity, temperature, and depth 
measurements provided the temperatures for each site at the time of sampling and for the course 
of the year. Despite the comparatively small seasonal temperature increase, populations of T. 
bernacchii differed based on sampling. High concentrations of AFGP were observed from 
locations where water temperatures were still at -1.9°C but concentration decreased in the late 
season location corresponding to the increased temperature at that sampling time. 
Overall, I found that antifreeze protein concentration and activity was dependent on 
sampling location and temperature with populations from the southwestern Ross Sea having 
higher AFP activity and concentration than populations from the WAP. The same trend was seen 
when comparing sampling depth. Shallow water populations had higher AFP levels due to 
increased contact with environmental ice and deep water populations had lower AFP levels due 
to rarely coming into contact with environmental ice or by inhabiting deep water that could be 
4°C warmer than the surface water. Species found at these warm depths but that also have 
circum-Antarctic distributions had higher AFP levels than species confined to warmer regions 
and warmer depths. At an even smaller temperature scale, the levels of AFP for T. bernacchii 
differed in direct response to seasonal temperature change, showing decreased AFP 
concentration in the austral summer as the McMurdo Sound waters began to warm. The freezing 
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temperatures of some regions of the Southern Ocean require fishes to maintain high levels of 
circulating AFPs year-round. Relaxed selective pressure by inhabiting ice-free water or warm 
CDW may cause fishes to maintain less AFP or decreased AFP activity in the absence of the 
threat of freezing.  
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CHAPTER 1: GENERAL INTRODUCTION 
 
 
 
The waters of the high latitude Southern Ocean are some of the coldest on the planet. 
Water temperatures are often at the freezing point of seawater (-1.9°C) during the winter and 
year-round in some regions. The Southern Ocean waters were not always cold but began cooling 
with the opening of the Drake Passage when the Antarctic continent separated from South 
America approximately 30 million years ago (Rintoul, 2010). The opening of the Drake Passage 
allowed for easterly flow of water resulting from the strong westerly winds leading to the 
formation of the Antarctic Circumpolar Current (ACC) and the thermal isolation of the Antarctic 
continent (Rintoul, 2010). Without the intrusion of warm subtropical water masses cold air 
temperatures cooled the waters to their freezing point. 
Despite the low air temperatures and continental glaciation, the Southern Ocean is not 
uniformly at its freezing point. Regions within the Southern Ocean differ from one another based 
on currents, depths, and proximity to the continent and to ice shelves. The water column of the 
Southern Ocean is stratified into distinct layers. The surface water is oxygen-rich because of its 
low temperature and surface mixing (Rintoul, 2010). Ice formation also occurs with minute ice 
crystals mixing in the top 30 m of the water column driven by wave action. As the surface water 
freezes salt is excluded from the sea ice generating high salinity, high density, cold seawater that 
sinks to the bottom forming the Antarctic Bottom Water (ABW) that flows off the continental 
shelves into the deep Atlantic and Pacific Ocean basins (Callahan, 1972; Rintoul, 2010). Above 
the ABW, Circumpolar Deep Water (CDW) is sandwiched between the ABW and the Antarctic 
surface water. The CDW is characterized by low oxygen, high salinity, +4°C temperatures, and 
high nutrient levels (Jacobs, 1991). In most regions the southern extent of the CDW is north of 
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the continental shelf break except in the Antarctic Peninsula where it flows along the continent 
and enters deep canyons overflowing onto the shelf in many places (Jacobs, 1991). In the 
western Antarctic Peninsula (WAP) the temperatures of the CDW are between +0.5 to +2.0°C 
depending on the extent of mixing with colder surface waters (Garcia et al., 2002). This low 
latitude region of the Southern Ocean only experiences winter ice cover unlike other regions 
which can remain ice covered nearly year-round. In the austral winter, June through August, the 
surface water is at its freezing point (-1.9°C) due to low surface air temperatures causing surface 
water cooling and ice formation (Dinniman and Klinck, 2004). Due to the absence of permanent 
ice shelves in this region, ice crystals suspended in the water column occur solely in the surface 
water. The difference between the surface water and the CDW can be as much as 4°C.  
In contrast, the high latitude regions of the Southern Ocean and waters bordering 
permanent ice shelves such as McMurdo Sound in the Ross Sea have very different temperature 
profiles compared to the WAP. Waters here reach their freezing point, -1.9°C, and can remain at 
this temperature nearly year-round. The entire water column in the Ross Sea is composed of 
Antarctic surface water (Whitworth et al., 1998). The upper part of the water column warms 
during the summer in this region (Hunt et al., 2003) and flows under the Ross Ice Shelf melting 
the underside of the Ross Ice Shelf generating low salinity water at the in situ freezing point of 
about -2.3°C (Foldvik and Kvinge, 1977; Whitworth et al., 1998; Orsi and Wiederwohl, 2009). 
This low salinity cold water mass exits the shelf and upon rising becomes supercooled resulting 
in increased surface ice formation (Hellmer, 2004; Assmann and Timmermann, 2005). The 
pressure at the deep depths of the Ross Sea inhibits ice formation but ice crystals nucleate when 
the supercooled water is advected to the surface (Jin, 2003). These ice crystals adhere to the 
benthic substrate as anchor ice before growing sufficiently large (15 cm diameter platelets) and 
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detaching to contribute to the platelet ice layer underneath the surface ice (Dayton et al., 1969; 
Dayton et al., 1970). Growth of ice crystals advected to the surface form the thick, sub-ice 
platelet layer. 
The historical decrease of water temperatures and the appearance of environmental ice 
caused much of the endemic fish fauna present in the late Eocene to go extinct (Eastman, 2005). 
When the polar regions froze, few groups of fishes were able to survive the freezing water 
temperatures and those that were able to survive may have utilized behavioral and physiological 
mechanisms to avoid freezing. Behaviorally, fishes can avoid freezing by migrating to deeper 
depths where the water is either warmer or ice-free, or both. Physiologically, fishes could 
increase their blood serum osmolytes to closer approximate the osmolality of the seawater and 
thus avoid freezing, but most have evolved ice-structuring proteins with antifreeze properties 
(Chen et al., 1997). 
Most fishes in the WAP inhabit the CDW where water temperatures are above freezing 
and thus they may never encounter environmental ice. However, a few species inhabit both the 
ice-free depths as well as the ice-covered sub-tidal zones such as Notothenia coriiceps. In 
McMurdo Sound some fishes occupy both the ice-laden shallow water and deep water that is at 
the same temperature (-1.9°C) but may never encounter ice in their deep water habitat. Some 
exclusively deep water fishes survive by utilizing a combination of very low levels of antifreeze 
proteins and supercooling such as the Antarctic zoarcids and liparids (DeVries, 1988; Jung et al., 
1995; DeVries and Cheng, 2005). 
Despite the presence of ice in the near-shore waters of both McMurdo Sound and the 
WAP, ectothermic marine life from invertebrates to fishes is abundant, making the Southern 
Ocean one of the most productive marine ecosystems on the planet (Kock, 1992). Southern 
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Ocean invertebrates are not faced with the threat of freezing because their body fluids are 
isosmotic to the seawater. In contrast to the invertebrates, the fishes have low salt levels and 
osmolytes that colligatively depress their body fluid freezing point to only about -1.0°C and thus 
are hyposmotic to the seawater (DeVries and Cheng, 2005). Exogenous ice can enter into the 
body of a fish through either ingestion or through lesions in the skin or gills. Once in the body, 
these ice crystals can propagate, freezing cells and tissues and lead to the death of the organism. 
Antifreeze proteins (AFPs) appear to have evolved as a direct response to freezing 
temperatures and the presence of ice. Antarctic fishes have two types of AFPs that contribute to 
freeze avoidance. The Antarctic notothen fishes (suborder Notothenioidei) AFPs are comprised 
of two proteins: antifreeze glycoproteins (AFGPs) that consist of glycosylated tripeptide repeat 
sequences of alanine(or proline)-alanine-threonine with a disaccharide (N-acetyl-D-
galactosamine-(α-1-3)-galactose) linked to each threonine residue (DeVries and Wohlschlag, 
1969; DeVries, 1971; Shier et al., 1975; DeVries, 1983) and an antifreeze potentiating protein 
(AFPP) which potentiates the antifreeze activity of the AFGPs (Jin, 2003). The AFGPs are 
present in a number of different size classes based on the number of tripeptide repeat sequences 
making up the protein with large molecular weight isoforms, AFGP 1-5, ranging in mass from 32 
to 10 kDa while the smaller size isoforms, AFGP 6-8, are between 7.8 and 2.7 kDa (Burcham et 
al., 1984). AFPs act by adsorbing to the surface of internalized ice crystals and inhibiting their 
growth. The lowering of the growth temperature is a non-colligative depression of the freezing 
point of the blood serum (Raymond and DeVries, 1977). The difference between the melting 
point (equilibrium freezing point) and the non-colligative freezing point is referred to as a 
thermal hysteresis and the thermal hysteresis from AFPs can provide enough freeze protection 
along with the blood salts to depress the freezing point of a fishes’ blood down to, or below, the 
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freezing point of seawater. These proteins arose from a gene duplication and modification event 
of an existing protein predecessor with ice-structuring ability evolving into the AFPs that 
allowed these fishes to radiate into niches left vacant when plummeting temperatures killed off 
the native Eocene fish fauna (Chen et al., 1997; DeVries and Cheng, 2005). 
The Antarctic notothenioid fishes are the predominant extant group of Antarctic fishes. 
The ancestral notothenioid was able to thrive in the freezing conditions and radiate to fill the 
available niches due to the presence of circulating AFPs that evolved before the radiation of this 
suborder (DeVries and Cheng, 2005). This suborder is comprised of eight families including the 
hemoglobinless icefishes (family Channichthyidae) and the largest family: the red-blooded 
Nototheniidae. The family Nototheniidae encompasses 49 species and accounts for 45.5% of the 
Antarctic fish biomass (Eastman, 2005). Due to the pelagic larval stage of members of this 
family and the Southern Ocean currents, particularly the ACC, there is gene flow between 
populations of species in different regions (Kock, 1992; Loeb et al., 1993; Matschiner et al., 
2009). Despite this, some species even within a genus seem to have restricted ranges. The larvae 
from a low latitude species may disperse into the high latitudes but may not survive to adulthood 
due to the increased presence of ice and decreased temperatures. Despite the genetic similarity 
between high and low latitude populations, their concentrations of AFPs differ which suggests 
physiological plasticity in the amount of AFP they circulate in their blood in response to habitat 
temperature, depth, and presence of ice. However, this AFP plasticity is also different between 
some species within a genus suggesting the basis of the plasticity has a genetic component. 
My dissertation research focused on the effects of temperature on the activity and 
concentration of the blood AFPs for species within the family Nototheniidae, particularly those 
from the genus Trematomus as well as representatives from three other genera: Lepidonotothen, 
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Notothenia, and Gobionotothen. Species from these genera have distributions that include the 
WAP and the Ross Sea. These species are found in a range of thermal habitats depending on 
their habitat depth and the time of year. Changes in the water temperature from the freezing point 
of seawater can range from fractions of a degree in the southern Ross Sea to four degrees in the 
WAP. Species that regularly encounter environmental ice would have a greater need for AFP 
protection than species that spend their entire lives in warmer or ice-free waters. 
The genus Trematomus is a relatively recent radiation in the nototheniid clade (Lautredou 
et al., 2012) made up of 14 species that are circumpolar in their distribution (Eastman, 1993). 
Their range extends from as far north as the South Shetland Islands in the WAP to the high 
latitude regions of the Ross Sea. They are considered predominantly a high latitude radiation due 
to their predominance in the shelf waters of the Antarctic continent. Their habitat depth ranges 
from pelagic fish such as Pagothenia borchgrevinki which resides just under the ice to benthic 
species found in the near-shore waters such as Trematomus hansoni which, while found at depths 
shallower than 30 m, can also be found at depths greater than 500 m (Eastman, 1993). 
Mitochondrial and nuclear sequence analyses suggest Pagothenia (including P. borchgrevinki 
and Pagothenia brachysoma) is closely related to the Trematomus genus and is included in the 
genus Trematomus in order for Trematomus to be a monophyletic clade (Ritchie et al., 1996; 
Kuhn and Near, 2009; Lautredou et al., 2012). The range of habitats where the trematomids are 
found encompasses ice-laden surface waters as well as high latitude, ice-free, deep water and the 
warm CDW of the WAP. 
I investigated populations of Trematomus species collected from both WAP and 
southwestern Ross Sea regions to determine whether habitat temperature and capture depth 
affected the AFP activity and thus the freezing point of their blood serum. I was fortunate to have 
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four species for which I collected populations from both the WAP and the southwestern Ross 
Sea to directly compare how populations within a species which may not be genetically distinct 
differed in their AFP activity depending on their habitat temperatures. The populations of the 
same species caught from the WAP had less AFP activity than populations caught in the 
southwestern Ross Sea. I was also able to investigate the effect of depth on AFP activity for two 
species, T. hansoni and Trematomus bernacchii, that are commonly found in the ice-laden waters 
and in ice-free deep water of the southwestern Ross Sea. The Ross Ice Shelf forms the southern 
limit of the Ross Sea and it is the source of supercooled water flowing into McMurdo Sound 
(Foldvik and Kvinge, 1977). Because of the influence of the ice shelf water and the low air 
temperatures, both the surface water and the bottom water are both at about -1.90°C with the 
only difference being the presence of ice crystals in the surface waters. Any differences in the 
AFP activity of shallow- and deep-caught fishes should be attributable to the presence of 
environmental ice crystals in the shallow waters or the effect of pressure and not due to 
temperature differences. 
I also analyzed antifreeze activities in eight species in four genera of fishes inhabiting the 
warm CDW of the WAP. The CDW was between +0.5°C and -0.5°C during the 2014 austral 
winter, June through August. Three species were from the genus Trematomus. The remaining 
three genera were Notothenia (two species), Lepidonotothen (two species), and Gobionotothen 
(one species). Like the trematomids, the species sampled from the genus Notothenia are also 
found circum-Antarctic. The species sampled from the genera Lepidonotothen and 
Gobionotothen are exclusively confined to the WAP and sub-Antarctic islands. My interest was 
whether there were differences between the genera inhabiting the warm CDW as well as whether 
species found circum-Antarctic maintained higher AFP concentrations and activities than species 
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confined to the WAP. Three of the eight species are found exclusively in the WAP and sub-
Antarctic islands and two of the circum-Antarctic species are exclusively confined to deep water 
which is warmer in the WAP than in the southwestern Ross Sea. Though all WAP species 
sampled were collected from the CDW, some of the species can also be found in the near-shore 
waters where they encounter surface ice during the winter months. Because of this, those species 
were hypothesized to have greater AFP activities and concentrations due to the possibility of 
encountering ice in their shallow water habitats unlike species confined to the CDW. 
I was also interested in even smaller-scale temperature effects and examined one species, 
T. bernacchii, at three locations within McMurdo Sound to see whether small-scale seasonal 
temperature changes within this high latitude environment led to observable differences in AFP 
activity and concentration. McMurdo Sound is not uniformly at its freezing point for the entire 
year because during the late austral summer warm surface water from the Ross Sea Gyre flows 
into the Sound along the eastern shore of Ross Island (Barry and Dayton, 1988; Assmann and 
Timmermann, 2005) and mixes with the top 100 m of the water column resulting in measurable 
temperature increases up to -0.3°C from -1.9°C (Hunt et al., 2003)(Cziko, P., unpublished). This 
water mass flow continues under the Ross Ice Shelf where it is cooled to its freezing point before 
exiting on the west side where it flows north along the western shore of the Sound and back into 
the Ross Sea (Foldvik and Kvinge, 1977; Jacobs et al., 1979; Barry and Dayton, 1988). Year-
round high resolution water temperature records were available for Cape Evans and McMurdo 
Station from prior years (Hunt et al., 2003) but not for the two locations on the western shore of 
McMurdo Sound. Water column conductivity, temperature, and depth (CTD) measurements and 
long-deployment high resolution bottom water temperature logger measurements at these 
locations allowed us to determine the onset and extent of summer warming and relate blood AFP 
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activity and concentration and freezing point to the thermal history for populations at the various 
sampling locations. 
Despite the cold temperatures of the Southern Ocean there are still temperature 
differences between surface and deep waters as well as between distant regions that contain the 
same species of fishes. The different thermal habitats of these populations affect the activities 
and concentrations of AFPs circulating in their blood streams. Different populations of the same 
species can have different AFP activities and concentrations likely stemming from plasticity in 
AFP production. Alternatively different species within the same genus inhabiting the same 
region can have significantly different AFP activities and concentrations indicating possible 
genetic mechanisms in AFP production. 
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CHAPTER 2: VARIATION IN BLOOD SERUM ANTIFREEZE ACTIVITY 
OF ANTARCTIC TREMATOMUS FISHES ACROSS HABITAT 
TEMPERATURE AND DEPTH
1
 
 
 
 
Abstract 
High latitude waters in the Southern Ocean can be near their freezing point and remain 
ice-covered throughout the year whereas lower latitude Southern Ocean waters have seasonal ice 
coverage and comparatively large (6 °C) annual temperature changes. The genus Trematomus 
(suborder Notothenioidei) is regarded primarily as a high latitude group because of its abundance 
there, but also inhabit the warmer regions in smaller numbers. Freeze avoidance in the 
notothenioids is linked to the presence of two antifreeze proteins (AFPs); the antifreeze 
glycoproteins (AFGPs) and antifreeze potentiating protein (AFPP), both of which adsorb to 
internal ice crystals inhibiting growth. Both high and low latitude trematomids possess sufficient 
AFP to lower their blood freezing point below that of seawater (− 1.9 °C). We investigated the 
contributions of AFGPs and AFPP to the blood freezing point depression to determine how they 
varied with depth, water temperature, and the presence of ice. High latitude trematomids had 
lower blood freezing points than those inhabiting lower latitude waters indicating differences in 
their freeze avoidance capacities. Lower freezing points were associated with higher levels of 
antifreeze activity due to higher levels of both AFGP and AFPP. Populations of Trematomus 
hansoni and Trematomus bernacchii from shallow depths appear more freeze avoidant than 
populations inhabiting deep, ice-free water based on their lower freezing points and higher 
                                                 
1
 This chapter is in published in its entirety in Comparative Biochemistry and Physiology – Part A: Molecular and 
Integrative Physiology and is referred to later in this dissertation as “Fields and DeVries, 2015”. Fields, L.G. and 
DeVries, A.L. 2015. Variation in blood serum antifreeze activity of Antarctic Trematomus fishes across habitat 
temperature and depth. Comparative Biochemistry and Physiology – Part A: Molecular and Integrative Physiology 
185:43-50. This article is reprinted with the permission of the publisher and is available from 
http://www.sciencedirect.com using DOI:10.1016/j.cbpa.2015.03.006 
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antifreeze activities. Gel electrophoresis of the trichloroacetic acid-soluble AFGPs indicates that 
only high molecular weight isoforms, which contribute more to AFGP activity, vary across 
species as well as between individuals of a species. 
 
 
Introduction 
In the high latitudes of McMurdo Sound seawater reaches its freezing point of -1.9°C 
year-round except for an approximate 1°C temperature rise for about 2 weeks in mid-summer 
(Hunt et al., 2003) and is ice-covered for most of the year. McMurdo Sound is bordered on the 
south by the Ross Ice Shelf which is the source of cold water that flows into the Sound by 
freezing seawater generated at the underside of the ice shelf at depth (400-500 m) flowing 
northward into McMurdo Sound (Foldvik and Kvinge, 1977; Orsi and Wiederwohl, 2009). When 
advected towards the surface it becomes supercooled and spontaneously nucleates forming 
“clouds” of minute ice crystals to depths as deep as 30 m. These crystals appear to attach to 
benthic substrates and grow into large platelets (15 cm diameter) forming aggregations referred 
to as anchor ice (Dayton et al., 1969; Dayton et al., 1970). The anchor ice masses, if sufficiently 
large, can break away from the bottom substrate and float to the underside of the sea ice adding 
to the sub-ice platelet layer which also appears to originate from the growth of similar small 
crystals. The platelet aggregations constitute a habitat for algae, invertebrates, and even 
cryopelagic fishes (Dayton et al., 1970). 
In the low latitudes such as the Western Antarctic Peninsula (WAP) and Scotia Arc, 
freezing temperatures and ice cover occur only during the winter months (Dinniman and Klinck, 
2004) but in most locations the warm Circumpolar Deep Water (CDW) or modified CDW is 
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present below 100 m (Garcia et al., 2002). Temperatures of these water masses can vary between 
-0.5°C and +1.5°C depending upon the location (Jacobs et al., 1996) so fishes inhabiting the 
WAP deep water can be as much as 3° warmer than both the WAP winter-caught, shallow-water 
fishes, and all fishes in McMurdo Sound. Because of these temperature differences between the 
WAP and the southwestern Ross Sea we use latitude as a proxy for habitat temperature. 
Despite the presence of ice and freezing temperatures marine life is abundant in these 
waters (Kock, 1992). The endemic fish fauna of this region survives in these ice-laden waters 
due to their capacity for freeze avoidance associated with high levels of blood antifreeze proteins 
(AFPs) which inhibit the growth of ice crystals that enter the body (DeVries and Cheng, 2005; 
Praebel et al., 2009). Were it not for the AFPs, environmental ice that enters the fish through 
either ingestion or lesions in the skin or gills would propagate resulting in freezing death because 
like other fish blood salts and small organic molecules depress the freezing point to only -1.0°C 
(DeVries and Cheng, 2005; Jin and DeVries, 2006; Praebel et al., 2009). In polar fishes AFPs 
bind to and inhibit the growth of internalized ice. With the Antarctic notothenioid fishes 
antifreeze glycoproteins (AFGPs) account for the majority of freeze protection and exist in a 
number of size isoforms that contribute differentially to the overall antifreeze activity. A small 
antifreeze potentiating protein (AFPP), which by itself has little antifreeze activity, substantially 
enhances the activity of the larger AFGP size isoforms (Jin, 2003; Jin and DeVries, 2006). The 
AFGPs and AFPP are present in differing amounts and total antifreeze activity is dependent on 
the total concentration and also the proportions of the large and small size isoforms of AFGP (Jin 
and DeVries, 2006) and the potentiation of the large isoforms by AFPP. The evolution of AFPs 
and their high circulating concentrations were one of the adaptations that led to the radiation of 
the notothenioids into niches left vacant when the late Eocene fish fauna disappeared as the 
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Southern Ocean waters cooled to their freezing point (Eastman, 2005). One taxon, the 
trematomids, became the predominant genus in the high latitude regions (Eastman, 2005; 
DeVries and Cheng, 2005). 
The largest group of Antarctic fishes is the suborder Notothenioidei and accounts for 
>90% of the Antarctic fish biomass (Eastman, 2005). Within this suborder the largest of the 6 
families, the family Nototheniidae, is made up of 49 species while the next largest families, 
Artedidraconidae and Channichthyidae have 25 and 16 species respectively (Eastman, 2005). Of 
the nototheniids, the genus Trematomus is a recent radiation (Lautredou et al., 2012). It is made 
up of 14 species common in the shelf waters around the Antarctic continent. They inhabit both 
high and low latitude regions and are found at depths ranging from just under the ice, such as the 
cryopelagic Pagothenia borchgrevinki, to benthic species found at depths greater than 500 m, 
such as Trematomus loennbergii, and depths in between (Eastman, 1993). The habitat depths of 
some species range from the sub-tidal waters down to the deep shelf break waters (1500 m). 
Though circum-Antarctic, the Trematomus genus is considered a high latitude radiation due to 
their predominance in the ichthyofaunal biomass of the Ross Sea (Eastman, 2005). 
With habitat temperature differences and variable ice coverage it is expected that the 
trematomid blood freezing points and associated AFGP and AFPP activities will vary. The freeze 
avoidance of 10 common species of Trematomus was investigated by determining their blood 
freezing points (a proxy for organismal freezing point (DeVries et al., 1982)) and the 
contribution of the AFGP and AFPP activity to their freezing points between their habitat 
temperatures and as a function of depth at a constant temperature. We hypothesized that freezing 
points would be lowest in fishes collected from the year-round freezing waters of the high 
latitudes of the southwestern Ross Sea with correspondingly high AFP activities of both the 
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AFGPs and AFPP, while populations from the Western Antarctic Peninsula which inhabit 
warmer waters would exhibit higher freezing points with lower AFP activities. We also 
hypothesized that shallow water populations would have significantly different freezing points 
than deep water populations in response to the exposure to ice crystals in their environment even 
though their habitat temperatures were essentially the same. 
 
 
Materials and Methods 
Collection and sampling 
Ten of the 14 species of the genus Trematomus were collected from the high latitude 
McMurdo Sound and Terra Nova Bay (southwestern Ross Sea) and from the lower latitude 
waters of the Western Antarctic Peninsula (WAP). These included Trematomus hansoni, 
Trematomus bernacchii, Trematomus nicolai, Trematomus pennellii, Trematomus newnesi, T. 
loennbergii, Trematomus scotti, Trematomus tokarevi, Trematomus eulepidotus and P. 
borchgrevinki. While P. borchgrevinki is sometimes separated into the genus Pagothenia, 
mitochondrial and nuclear sequence analyses suggest that Pagothenia and Cryothenia are more 
closely related to the Trematomus genus than as an outgroup to the Trematomus clade and if 
included in the genus Trematomus this genus would be a monophyletic clade (Ritchie et al., 
1996; Kuhn and Near, 2009). For the purpose of this study they will be included with the 
trematomids. 
Table 2.1 lists the locations, latitudes, depths, and water temperatures obtained by loggers 
with an accuracy of 0.01°C, where each Trematomus species was collected. Shallow water 
individuals were collected by hook and line through the ice. Specimens of P. borchgrevinki were 
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caught just under the platelet ice layer. Specimens of T. newnesi were caught just under the ice or 
a few meters off the bottom in 15 m of water while the remaining species were caught on the 
bottom at depths ranging from 20 to 30 m. Deep water individuals were caught via baited trap or 
by bottom trawl deployed from research vessel between 200 and 500 m depth (Table 2.1). Fish 
were transported to the laboratory where they were kept in aquaria with running seawater at 
temperatures between -1.2°C and -1.5°C. For all individuals blood was collected by caudal vein 
puncture with a 23 gauge needle. Fish collected in 2010 were anesthetized prior to blood 
sampling with MS-222 (Tricaine methanesulfonate) at a concentration of 80 mg/l for 5 to 10 
min. Blood was allowed to clot for 1 h at +4°C, centrifuged for 10 min at 16,000g and the serum 
stored at -80°C until analyzed. Fish were classified as being either from low or high latitudes 
depending on whether they were collected from the Western Antarctic Peninsula region 
including the South Shetland Islands or from the southwestern Ross Sea region including 
McMurdo Sound and Terra Nova Bay. They were classified by depth with a collection depth of 
between 4 and 30 m being considered as “shallow-caught” and depths greater than 150 m as 
“deep-caught.” 
All fishes were collected and sampled in accordance with the University of Illinois 
institutional animal care and use approval. 
 
Determination of melting and freezing points 
Blood serum freezing and melting points were determined using a Clifton nanoliter 
osmometer (Clifton Technical Physics) following the protocol of Cziko et al. (2006). The 
instrument was calibrated with distilled water (0 mOsm) and a 1000 mOsm standard (Opti-mole, 
Wescor Inc.). Ten nanoliter volumes of sample were suspended in heavy microscope immersion 
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oil in each of the 6 wells in the Clifton nanoliter sample holder. The samples were cooled until 
frozen and then slowly warmed until a single ice crystal (approximately 10 μm diameter) slowly 
melted while observed at 200x magnification. This temperature was taken as the melting point or 
equilibrium freezing point. 
Following determination of the melting point a 10 μm single ice crystal was slowly 
cooled at a rate of about 0.2°C per minute until sudden rapid growth was observed and this value 
was taken as the serum freezing point. Serum freezing point was used as a proxy for organismal 
freezing point (DeVries et al., 1982). Melting and freezing point determinations for each 
individual were repeated twice per sample well in three separate wells. The thermal hysteresis 
which is the difference between the melting point and the non-equilibrium freezing point 
(temperature of ice growth) of the blood serum represents the total antifreeze activity. The 
averaged hysteresis value from the replicates from an individual fish was taken to be the 
hysteresis value for that particular individual. The individuals’ hysteresis values were averaged 
together to determine the hysteresis value for a given species. 
 
Contributions of antifreeze glycoprotein and antifreeze potentiating protein to the serum 
freezing point depression 
The freezing point depression is defined as the total freezing point of the blood serum. 
Blood serum solutes, which depress the freezing point colligatively (the equilibrium melting 
point) as well as both the AFGP and AFPP contribute to the total freezing point of notothenioid 
blood serum (DeVries and Cheng, 2005; Jin and DeVries, 2006). In order to separate their 
contributions, a protocol modified from Jin and DeVries (2006) was followed. The AFGP is 
heat-stable while the AFPP is heat labile and will denature and precipitate upon heating. Fifty to 
100 µl of Trematomus serum from each individual were aliquoted into screw-cap 
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microcentrifuge tubes and incubated for 10 min in a boiling water bath. After cooling, the 
spongy pellets were macerated with a small spatula and boiled for an additional 10 min. 
Following a second maceration samples were centrifuged for 20 min at 4°C at 16,000g to pellet 
the spongy precipitate. The melting and freezing points of the resulting supernatant were 
determined as above with the Clifton nanoliter osmometer. The thermal hysteresis value of the 
boiled serum supernatant was taken to be the amount of antifreeze activity derived solely from 
the heat-stable AFGPs. Subtracting the hysteresis value of the boiled serum supernatant from the 
native serum hysteresis value gave the amount of antifreeze activity due to the AFPP in the blood 
serum. Averaged values for the equilibrium melting point, the AFGP, and the AFPP were used to 
determine total blood serum freezing point depression (Figure 2.1, Table 2.2). 
 
Gel electrophoresis 
The distribution of AFGP size isoforms present in dialyzed TCA supernatants of serum 
from 8 of the 10 species was analyzed using polyacrylamide gel electrophoresis (PAGE) to 
determine whether differences in the relative amounts of the large size isoforms could be 
correlated with higher or lower blood serum freezing points. Serum was pooled for a final 
volume of 250 µl when individual serum volumes were sufficient (low latitude T. scotti n=7, 
high latitude serum from T. loennbergii n=8, T. pennellii n=5, T. newnesi n=18, T. hansoni n=12, 
T. nicolai n=9, T. bernacchii n=10, and P. borchgrevinki n=6). Sera from T. tokarevi and T. 
eulepidotus were not run due to lack of remaining sample volume. Equal volumes of 5% 
trichloroacetic acid (TCA) and serum were mixed and centrifuged at 16,000g for 10 min at 4°C 
to pellet the precipitated proteins. The supernatant was then transferred to dialysis buttons with a 
3.5 kDa cut-off (Slide-a-lyzer, Thermo Scientific) and dialyzed for 24 h at 4°C with changes of 
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DI water every 8 h. Samples were then lyophilized in pre-weighed microfuge tubes and the 
resulting protein resuspended in distilled water at a concentration of 100 mg/ml. Two µl (200 µg) 
of each sample were combined with an equal volume of 2x sample buffer (0.9M boric acid, 0.3M 
glycerol, pH 8.6), 0.01 mg (2.5 µl) fluorescamine dye and 2 µl loading dye (30% glycerol, 70% 
sample buffer, 1% bromophenol blue). Samples were loaded against a pre-purified antifreeze 
glycoprotein sample from Dissostichus mawsoni as a standard. The banding pattern for D. 
mawsoni AFGP is known and by including this standard we could judge the quality of the PAGE 
and the separation of our Trematomus fluorescent bands. Samples were electrophoresed for 6 h 
on a 10 to 20% gradient PAGE gel run at 20 mA maintaining the voltage below 500 V and using 
a running buffer at pH 8.6 containing 10mM boric acid, 190mM glycine and 25mM tris base. In 
addition to the pooled collection of T. hansoni serum described above, 100 µl of serum from 
shallow water T. hansoni individuals from McMurdo Sound, and from deep water T. hansoni 
individuals from both high and low latitudes were separately precipitated, dialyzed, and 
visualized to compare AFGP banding patterns between individuals of this species across depths 
and habitat temperature.  
 
Statistical analysis 
A Principal Component Analysis (PCA) was performed for the four independent 
variables in this study to look for correlation between the variables. The four variables were 
blood serum melting point (the equilibrium freezing point), the total freezing point, and the 
antifreeze activities due to the AFGP and the AFPP. The Shapiro-Wilkes test was run on the 
residuals to test for normality of the data set followed by a Levene Test to test for homogeneity 
of the variance. Principal components one and two contained >80% of the overall variation 
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(Table 2.3). A two-way ANOVA was performed on the results of principal component one (PC1) 
and a separate two-way ANOVA was performed on the results of PC2 to test for an interaction 
between the PC, latitude, and species. Two-way ANOVAs were also performed for PC1 and PC2 
for T. bernacchii and T. hansoni collected from the southwestern Ross Sea from both deep and 
shallow depths against species and capture depth. Tukey HSD tests were performed post hoc on 
all ANOVAs to determine significant groupings of the results. 
Phylogenetic signal could not be tested for in this data set due to the unresolved 
phylogeny of the Trematomus genus. The radiation of trematomids is seemingly very recent with 
much incomplete lineage sorting. Because of this, different genes and different individuals of the 
same species provide multiple different phylogenetic tree resolutions (Lautredou et al., 2012). 
Statistical analysis proceeded assuming no phylogenetic interaction using the statistical software 
R (v.2.14.1, The R Foundation for Statistical Computing, package agricolae). 
 
 
Results 
Latitudinal effects 
All species, regardless of latitude, had serum melting points of approximately -1.0°C. All 
species, regardless of latitude, also possessed enough antifreeze activity to avoid freezing at the 
freezing point of seawater (-1.9°C). The blood serum freezing points (temperature of ice growth) 
ranged from a high of -1.95°C in the low latitude T. loennbergii to a low of -3.32°C in the 
cryopelagic high latitude P. borchgrevinki while melting points ranged from -0.94°C to -1.11°C. 
The degree of antifreeze glycoprotein activity based on the hysteresis values of boiled blood 
serum ranged from a low of 0.77°C to a high of 1.32°C. Antifreeze potentiating protein activity 
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ranged from a low of 0.22°C in low latitude T. eulepidotus to nearly a full degree (0.99°C) in P. 
borchgrevinki in high latitudes (Table 2.2, Figure 2.1). 
The principal component analysis indicated that greater than 80% of the variation was 
contained in components one (PC1) and two (PC2). Freezing point was shown to be correlated 
with AFGP and AFPP hysteresis with freezing point strongly loading in PC1 and the AFGP and 
AFPP hysteresis weakly loading. PC2 was associated with blood serum melting points and 
AFGP hysteresis (Table 2.3). A two-way ANOVA on PC1 factoring species and region showed a 
significant difference between species (F9,211=35.98, p<0.001), as well as a significant effect of 
catch-region (F1,211=85.18, p<0.001), but no interaction was observed (F3,211=1.89, p=0.132). A 
Tukey HSD indicated overlapping distributions but with many of the southwestern Ross Sea 
species grouping together and accordingly, many of the WAP species grouping together. For 
populations of the same species collected from both high and low latitude regions (T. hansoni, T. 
bernacchii, T. loennbergii, T. eulepidotus) the Tukey HSD indicated that populations of T. 
loennbergii and T. hansoni are significantly distinct between the WAP and southwestern Ross 
Sea while populations of T. bernacchii and T. eulepidotus were not significantly different from 
one another (Figure 2.1). 
A two-way ANOVA on PC2 showed a significant effect of species on blood serum 
melting point and AFGP hysteresis (F9,211=9.51, p<0.001) but not for region (F1,211=3.47, 
p=0.064) with no interaction (F3,211=1.50, p=0.215). A Tukey HSD showed two distinct 
groupings with T. scotti having a lower blood serum melting point than T. tokarevi, T. nicolai, T. 
pennellii, and T. newnesi with the remaining species overlapping in their melting point 
distributions. 
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Depth effects 
Two-way ANOVAs on the results of the PCA were used to determine whether freezing 
point varies significantly between species inhabiting different depths but in the same thermal 
environment, in this case T. hansoni and T. bernacchii collected from the southwestern Ross Sea 
(Figure 2.2). Shallow water individuals were defined as fishes collected at 30 m or shallower 
while deep water individuals were defined as fishes collected at 150 m or deeper. There were no 
fishes collected between 30 and 150 m. A two-way ANOVA for PC1 which contained freezing 
point, AFGP and AFPP hysteresis indicated that the depth of capture was a significant factor 
(F1,71=6.17, p=0.015) in that shallow-water populations have lower freezing points and greater 
AFGP and AFPP hysteresis than the deep water populations. There was no significant effect of 
species (F1,71=0.45, p=0.503) which was not unexpected as these two species both inhabit very 
similar benthic habitats and there was no interaction between species and depth (F1,71=0.31, 
p=0.577). A post hoc Tukey HSD analysis, however, indicated that there were no significant 
differences between the shallow and deep water populations of both species. The significant 
results of the ANOVA indicate that the pattern of the results likely could not have occurred by 
chance but parsing out the significance in pair-wise comparisons inflate type I error rates that 
hide these relationships. 
A two-way ANOVA and post hoc analysis on PC2 however was able to determine which 
blood serum factors were contributing to the significant depth effect. PC2 indicated that AFGP 
hysteresis and blood serum melting point showed a significant depth effect (F1,71=47.12, 
p<0.001) in that shallow-water populations have higher blood serum melting points and greater 
AFGP hysteresis than the deep water populations. There was no significant effect of species 
(F1,71=0.23, p=0.630) and no interaction between species and depth (F1,71=2.77, p=0.10). A 
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Tukey HSD on the ANOVA results distinctly separated deep water T. hansoni and T. bernacchii 
from their shallow water populations. 
Shallow and deep depth data were available also for T. eulepidotus however these data 
were spread across latitude with individuals caught in shallow depths from the southwestern 
Ross Sea (-1.9°C) and deep water in the WAP (+0.3°C) and therefore not collected from similar 
temperature regimes. Despite this, a t-test between deep water and shallow water T. eulepidotus 
(Figure 2.1) indicates that there is no significant difference between their total serum freezing 
points (p=0.295). Samples of the deep-water T. loennbergii collected from the same depth but at 
different water temperatures (+1.5°C in the WAP, -1.9°C in the southwestern Ross Sea) 
displayed a significant difference (as previously mentioned, p<0.001). 
 
Gel electrophoresis 
 The size distribution of the AFGPs isolated from the pooled serum of 8 Trematomus 
species is shown on a PAGE gel in Figure 2.3. Strong prevalence of size isoforms AFGP 7 and 8 
was observed across the genus. Likewise, banding patterns of the isoforms of AFGP 6 were 
similar across species. Differences in intensity of some of the isoforms in the AFGP 1-5 pattern 
are obvious and in fact some of the bands were missing when compared to the banding pattern of 
D. mawsoni which was used as a reference. There is, however, slight variation in the banding 
intensity of the various isoforms in the AFGP 1-5 group. T. loennbergii, T. pennellii, and T. 
hansoni all appear to have a very high molecular weight AFGP 1-5 isoforms that is not seen in 
the other 5 species while T. newnesi has mid-range AFGP 1-5 isoforms that seems to be unique 
to that species. Despite its low freezing point, P. borchgrevinki appears to be missing a number 
of the largest AFGP 1-5 size isoforms that the other species possess. PAGE gels of individual T. 
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hansoni samples collected from shallow water in the southwestern Ross Sea (Figure 2.4a), show 
no difference in the AFGP 6, 7, and 8 banding pattern intensities. Compared with T. hansoni 
samples collected from deep water in the southwestern Ross Sea and deep water on the WAP 
(Figure 2.4b), we also see strong banding in the AFGP 6, 7, and 8 isoforms, but differences in 
the intensity of the AFGP 1-5 isoforms. Comparison of Ross Sea shallow water T. hansoni with 
T. hansoni from the WAP shows similar intensities and there is similar variability in the AFGP 
1-5 size isoforms both within and between populations though WAP individuals have two high 
intensity AFGP 1-5 isoforms that do not appear to be present in either of the Ross Sea 
populations. 
 
 
Discussion 
The waters of the Southern Ocean are the coldest and iciest waters in the world. Within 
this ocean there is a range of habitats and water temperatures and the amount of ice varies with 
respect to latitude. At the high latitude extreme the waters of the Ross and Weddell seas are at 
their freezing points (-1.9°C) nearly year round (Hunt et al., 2003). Usually these regions are 
largely ice covered for 10 months out of the year but in the absence of sea ice break-up multiyear 
ice can reach a thickness of 5 m. In addition to the surface ice cover during the late winter and 
early summer small ice crystals are frequently present in the water column whose source is the 
flow of supercooled water from beneath the nearby ice shelves (Foldvik and Kvinge, 1977; Orsi 
and Wiederwohl, 2009). The suspended ice crystals can be periodically found down to depths of 
33 m in McMurdo Sound and as deep as 250 m in the Weddell Sea (Dieckmann et al., 1986). 
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In contrast to the Ross and Weddell seas the waters of the Western Antarctic Peninsula 
(WAP) are much warmer and mostly ice-free during the summer and early winter season and 
ice-covered only in late winter (Dinniman and Klinck, 2004). There are no substantial ice shelves 
on the western side of the Peninsula and therefore no potential for formation of supercooled 
water and associated ice crystals in the water column. Thus far no sub-ice platelet layer or anchor 
ice has been observed in this region. Although the surface water is freezing (-1.9°C) in the 
winter, the water below about 100 m is well above freezing (Garcia et al., 2002). The source of 
the warm water is the CDW which splits off of the Antarctic circumpolar current (ACC) and 
flows onto the WAP shelf flooding the deep basins such as Hugo Basin with warm water 
(+1.5°C). Some of the CDW reaches the Gerlache Strait but is modified with other water masses 
of lower temperatures (Garcia et al., 2002) resulting in water temperatures of around 0°C. 
While some trematomid fishes are present in the near shore waters of the WAP they are 
more common in the deeper warm water and all the trematomid fishes in the WAP study were 
captured in deep water well above its freezing point (Table 2.1). As a result, we found that fishes 
collected from this region as a group have higher freezing points than their counterparts 
inhabiting the southwestern Ross Sea where the water is near its freezing point year-round 
regardless of depth (Figure 2.1). The effect of environmental temperature is clearly seen in the 
0.53°C difference in blood freezing point in T. loennbergii where the Ross Sea and WAP 
populations were collected at the same depth but at habitat temperatures that differed by 3.4°C. 
The difference in melting point accounts for only 0.1°C of the freezing point depression 
difference while the remainder of the difference (~0.4°C) is split between the AFGP and AFPP 
activities. The effect of warm environmental water on serum freezing point and AFP activity is 
also seen with T. hansoni trawled from the -0.25°C waters at about 300 m depth in the Gerlache 
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Strait and T. hansoni collected from the -1.9°C waters of the southwestern Ross Sea. Blood 
serum freezing point correlated with AFGP and AFPP activities, the loadings of PC1, is 
significantly different between these two populations with blood serum freezing points of -
2.45°C and -2.96°C, respectively. Only 0.12°C of this difference is due to an increase in AFGP 
activity in Ross Sea population but 0.31°C of the difference is due to increased AFPP, with the 
Ross Sea population having nearly double the AFPP activity level of the WAP population (Table 
2.2). The two other species for which we have population data in each region, T. eulepidotus and 
T. bernacchii, are not significantly different by region for the correlated PC1 scores and the 
difference in freezing point between the two population is about half of the population 
differences observed in T. hansoni and T. loennbergii. Decreased activity for WAP T. bernacchii 
and T. eulepidotus is primarily accounted for by a decrease in the AFPP but not necessarily a 
decrease in the AFGP (Table 2.2). 
The magnitude of regional PC1 difference in T. hansoni and T. loennbergii is similar to 
what Jin and DeVries (2006) observed when specimens of P. borchgrevinki from McMurdo 
Sound were warm acclimated to +4°C for 16 weeks. Acclimated P. borchgrevinki exhibited a 
slow decrease in AFGP concentration with a corresponding increase in blood serum freezing 
point in response to prolonged acclimation to warmer water temperatures but AFPP hysteresis 
was not measured. The presence of a substantial combined antifreeze activity in deep water 
WAP population despite year-round exposure to warm water indicates that the antifreeze levels 
are evolutionarily fixed. Studies have shown that dispersal of notothenioids in their larval stage 
via the ACC leads to gene flow between populations (Loeb et al., 1993; Matschiner et al., 2009) 
meaning that the WAP populations likely do not contain different gene copy numbers of AFGP 
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than their high latitude counterparts, but instead variation in antifreeze amounts and activities is 
likely due to transcriptional changes due to seasonal or environmental cues. 
Comparison of AFGP size isoforms using gel electrophoresis profiles between high and 
low latitude species (Figure 2.3) showed that the low molecular weight AFGPs (6, 7, and 8) were 
always present and in high amount. Any apparent differences in band intensities were 
insufficient to ascertain any difference in amounts. With AFGPs 1-5 for all species there were 
differences in the banding patterns in that some bands appeared very faint and some appeared to 
be missing between species but there was no meaningful way to quantify due to the lack of 
sensitivity of the electrophoretic approach. Within a population of T. hansoni (Figure 2.4) the 
low molecular weight isoforms are conserved but, as between species, there is variability in the 
sizes and intensities of the 1-5 isoforms suggesting differences in the number of gene transcripts 
that encode them. Comparison of the gel pattern of WAP and southwestern Ross Sea T. hansoni 
shows a similar pattern but the intensity differences are not obvious despite the difference in 
AFGP activity between the two populations. The large size isoforms contribute more to the 
freezing point depression than the smaller size isoforms (Raymond and DeVries, 1977) and Jin 
and DeVries (2006) proposed that isoform proportion in addition to the concentration of the 
AFGPs contribute to overall freezing point depression. The different AFGP 1-5 banding 
intensities could be contributors to the observed freezing point differences but a more sensitive 
assay such as high pressure liquid chromatography of the TCA soluble fraction would be needed 
to quantitatively demonstrate differences. Thus in general the pattern and intensity of the bands 
for the low molecular weight isoforms appears to be conserved across all the species while the 
pattern of the high molecular weight isoforms is much more variable. 
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At deeper depths within the southwestern Ross Sea (400-500 m) the water is just as cold 
as the surface waters but without ice crystals due to the higher hydrostatic pressure which lowers 
the freezing point thus preventing ice formation (Jin and DeVries, 2006). As the temperatures of 
both the shallow and deep water are the same at this high latitude the only difference is that of 
exogenous ice. In the absence of environmental ice crystals the freezing point depressions in T. 
bernacchii and T. hansoni are less in deep-water caught populations than in populations 
inhabiting shallow waters which are exposed to ice. The increased freezing point depression in 
shallow water populations is due to correlation between increased AFGP activity and higher 
blood serum melting points (Figure 2.2). Results from the PCA in this study indicate that depth is 
a significant factor yet species is not which was not surprising as T. bernacchii and T. hansoni 
inhabit similar benthic habitats. 
Though predominantly a high latitude radiation the fact that the trematomids are found 
circum-Antarctic makes them a good genus for the study of ecological effects such as 
temperature and ice exposure on the contribution of AFPs to freeze avoidance. It is likely that the 
presence of ice crystals in the environment in addition to environmental temperatures influences 
the circulating levels of AFGPs and AFPP in the trematomids. Previous studies on the ecological 
physiology of Antarctic fishes have observed latitudinal differences where it was shown that 
species of the family Channichthyidae inhabiting the high Antarctic have greater degrees of 
freeze protection than species which inhabit the seasonal pack ice zone and are therefore only 
exposed to icy conditions during part of the year (Bilyk and DeVries, 2010). Jin and DeVries 
(2006) showed that species predominantly found in more northern regions or high latitude 
species that have been warm acclimated also exhibit deceased blood serum freezing points and 
AFGP concentration. Likewise DeVries and others (1982) found that species in the high-latitude 
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Antarctic waters maintain high concentrations of antifreeze glycoproteins as a result of the 
consistently cold environment but fishes inhabiting lower latitudes have lower levels of AFGP 
that change little with warm acclimation indicating an evolutionary response to temperature. 
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CHAPTER 3: FREEZING AVOIDANCE IN NOTOTHENIID FISHES 
INHABITING THE WESTERN ANTARCTIC PENINSULA 
 
 
 
Abstract 
A diverse assemblage of notothenioid fishes inhabits the western Antarctic Peninsula 
(WAP). Of these, four genera of the red-blooded Nototheniidae are common benthic inhabitants, 
including Trematomus, Gobionotothen, Lepidonotothen, and Notothenia. During the austral 
winter, surface temperatures are at the freezing point of seawater but the bottom water below 
~100 m can be two and a half to four degrees warmer. Based on this temperature difference, it 
was hypothesized that the deep water fishes collected for this study would have higher blood 
freezing points, lower antifreeze protein (AFP) activities, and lower antifreeze concentrations 
than McMurdo Sound fishes. We hypothesized that species would differ from one another in 
their blood freezing points, antifreeze activity, and antifreeze concentration based on their 
thermal distributions. Regardless of species distribution, species differed in their AFP activity 
and concentration. Species within genera differed significantly from one another. Trematomus 
hansoni had greater antifreeze activity and concentration than Trematomus loennbergii. 
Significant differences were observed in the freezing points and concentrations of circulating 
blood antifreeze glycoproteins (AFGPs) with three species possessing the minimum 
concentration of blood AFPs necessary to depress their blood freezing point to below that of 
seawater (-1.9°C). One of the three, Lepidonotothen larseni, possessed the least amount of AFP 
activity with a blood freezing point the same as the freezing point of seawater. The remaining 
five species possessed AFP concentrations that lowered their freezing points well below that of 
seawater.  
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Introduction 
The Antarctic Peninsula has a range of thermal habitats. The eastern Antarctic Peninsula 
is in close proximity to the Weddell Ice Shelf and thus the marine environment is similar to the 
Ross Sea in that it sustains near-annual ice cover and freezing temperatures (Carmack and 
Foster, 1973). The western Antarctic Peninsula (WAP) is not bordered by any ice shelves. As a 
result, there is no source of supercooled seawater advected to the surface resulting in platelet and 
anchor ice formations. The circumpolar deep water (CDW) flows along the continent at the 
Antarctic Peninsula and overflows onto the shelf in the WAP (Jacobs, 1991). The CDW 
temperatures are much warmer than the surface water during the austral winter (Garcia et al., 
2002). The low winter air temperatures cause surface cooling and ice formation in the WAP 
leading to surface water that is at the freezing point of seawater (-1.9°C). In most locations, 
bottom water can be between +0.5 to +2.0°C depending upon the extent of mixing with the 
colder surface water (Garcia et al., 2002). Organisms that inhabit both shallow and deep depths 
can experience environments whose temperatures differ by 4°C during the austral winter. 
The Antarctic notothenioid fishes (suborder Notothenioidei) are the predominant group of 
fishes in the Southern Ocean (Eastman, 2005). Of the fishes present in the WAP, the 
Channichthyidae and the Nototheniidae are the two most common families. The notothenioids 
are derived from a swim bladder-less ancestor and some species have secondarily become 
neutrally buoyant invading the water column exploiting pelagic prey (Eastman, 2005). The 
family Nototheniidae contains 49 species in 13 genera (Eastman, 1993; Eastman, 2005) with 
species from four genera commonly caught in the WAP, including Trematomus, Notothenia, 
Lepidonotothen, and Gobionotothen. Species from these genera are commonly caught by trawl in 
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the CDW. Some of these genera are confined to the more seasonally variable waters of the WAP 
while others, like the trematomids, are found circum-Antarctic (Dewitt et al., 1990). Within a 
genus, some species are confined to the warmer deep waters of the CDW while others can also 
be caught in surface waters indicating that they are able to survive a range of temperatures from 
+2.0°C to -1.9°C. 
The predominance of the notothenioids in the Southern Ocean is in part due to the 
presence of antifreeze proteins (AFPs) in their blood and tissues that allow them to survive in 
water temperatures below the freezing point of seawater (DeVries and Wohlschlag, 1969). There 
are two different proteins that make up the circulating AFPs: the antifreeze glycoproteins 
(AFGPs) and antifreeze potentiating protein (AFPP). The AFGPs are comprised of glycosylated 
tripeptide repeats and are present in a number of size isoform classes (DeVries, 1983; DeVries 
and Cheng, 2005). These proteins adsorb to endogenous ice crystals and inhibit their growth 
(DeVries and Cheng, 2005). The AFPP is a small blood protein (approximate mass 14 kDa 
present at low concentrations (2 to 3 mg/ml) that enhances the activity of the larger AFGP size 
isoforms (Jin, 2003). It has been shown that Antarctic Trematomus and Channichthyidae species 
have different AFP activities depending on their thermal environment (Bilyk and DeVries, 2010; 
Fields and DeVries, 2015) where species with circum-polar distributions have lower freezing 
points and higher concentrations of circulating AFPs and consequently exhibit more AFP activity 
than species confined to the WAP and sub-Antarctic Islands. The antifreeze activities and 
concentrations from other red-blooded Nototheniidae genera are currently unknown. In the 
current study, eight species from four genera inhabiting the WAP were sampled during the 2014 
austral winter. We determined their blood freezing points, AFP activity, and concentration and 
determined whether these were an effect of their thermal distributions. 
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Materials and Methods 
Sample collection 
Samples were collected during the austral winter of 2014 (June through August) by 
towing otter and blake bottom trawls with the R.V. Laurence M. Gould in the waters surrounding 
Low Island, Hugo Island, and from the Gerlache Strait. Trawls were towed for between 15 to 40 
minutes (Table 3.1). Fish were removed from the trawl and immediately transferred to the 
vessel’s aquaria at ambient surface water temperature which ranged from -1.0°C to -1.6°C. Some 
species such as (Lepidonotothen larseni, Lepidonotothen nudifrons, Trematomus loennbergii, 
and Trematomus scotti) were sampled on board the vessel because abrasions and loss of scales 
lead to increased blood osmolytes during prolonged aquarium acclimation. Stressed individuals 
have much higher blood serum osmolytes (by approximately 100 mOsm) than non-stressed 
individuals as measured by a Wescor vapor pressure osmometer (Wescor, Inc.). Analyses of 
blood sera from stressed individuals were not included in this study. Specimens of Trematomus 
hansoni were sampled immediately on board the vessel based on their condition upon surfacing 
in the trawl despite having high blood lipid concentrations. Having fed on lipid-rich krill, 
specimens have high lipid concentrations in their blood indicated by serum turbidity, and thus 
specimens are usually held for two weeks in aquaria, which allows for clearance of lipid from the 
blood that can clog and degrade the HPLC columns. Hardy species such as Notothenia coriiceps, 
Notothenia rossii, and Gobionotothen gibberifrons were returned to Palmer Station where they 
were held in flow-through aquaria supplied with surface water at -0.3°C to -1.3°C and fed fish 
muscle tissue weekly. Blood was sampled by netting fish from the tank, wrapping them in a wet 
 33 
 
towel, and sampling from the caudal vein using a 23 gauge needle, or a 26 gauge for the smaller 
individuals. Blood was allowed to clot overnight at +4°C and spun at 16,000g for 10 minutes to 
separate the serum. Serum was transferred to screw-cap microfuge tubes and stored at -80°C 
until analysis. 
Temperature was measured by expendable bathythermograph (XBT) (Model Deep Blue, 
Lockheed Martin Sippican, Inc.) in mid-July and showed a bottom temperature range of -0.5°C 
to +0.5°C. 
All fishes were sampled in accordance with the University of Illinois Institutional Animal 
Care and Use Committee approval protocol number 12123. 
 
Analysis of total freezing point 
Blood serum was analyzed for freezing point depression using a Clifton Nanoliter 
Osmometer (Clifton Technical Physics, NY). The nanoliter osmometer was calibrated prior to 
use with distilled water (0 mOsm) and a 1000 mOsm standard (Elitech Wescor). Serum samples 
were loaded into the sample holder suspended in heavy immersion oil. Samples were flash 
frozen to -40°C and then slowly melted until a single ice crystal of less than 10 μm diameter 
remained. This point was taken as the equilibrium freezing point, or melting point, of the blood 
serum. The ice crystals were annealed for two min at 0.19°C below the melting point of the 
sample and then cooled at a rate of 0.1 to 0.2°C per min until the ice crystal exhibited 
unrestricted spicular growth. The osmometer read-out in milliosmolality was converted to 
degrees Celsius by multiplying by 0.001858°C/mOsm. This value was taken as the non-
colligative freezing point. The difference between the melting point and the non-equilibrium 
freezing point is known as the thermal hysteresis or the amount of freeze protection afforded by 
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the presence of antifreeze proteins. Each melting/freezing point was replicated a total of five 
times in at least three different sample wells with these five values averaged together for each 
individual. The values obtained for each individual of a species were averaged together to give 
the values for melting point, freezing, point, and total antifreeze hysteresis activity for that 
species. 
 
Analysis of the contributions of antifreeze glycoproteins and antifreeze potentiating protein 
to freezing point depression 
Aliquots of 100 μl blood serum were transferred into screw-cap microfuge tubes and 
incubated for 10 min at 100°C to precipitate all proteins except the heat-stable AFGP. Samples 
were removed to ice and the spongy pellet macerated with a probe before a second incubation at 
100°C for 10 minutes. Samples were then centrifuged for 10 min at +4°C at 16,000g to pellet the 
precipitate. Sample supernatant was run on the Clifton nanoliter osmometer as described above. 
The freezing point minus the melting point value indicated the amount of antifreeze activity 
attributable to the AFGP. This hysteresis value was subtracted from the native serum freezing 
point value to obtain the thermal hysteresis attributable to the AFPP interaction with the AFGPs. 
 
Quantification of antifreeze glycoprotein 
Exactly 50 μl of fish blood serum was combined with 50 μl ultrapure 5% (weight to 
volume) trichloroacetic acid (TCA) in a 0.8 ml screw-cap microfuge tube using a positive 
displacement glass 50 μl Hamilton syringe. The TCA precipitates all proteins except for the 
TCA-soluble AFGP. The sample was mixed by vortexing. The blood serum TCA mixture was 
incubated at 100°C for 10 min to precipitate any remaining non-AFGP proteins. Samples were 
centrifuged for 10 min at +4°C at 16,000g to pellet the precipitate and then rotated 180° in the 
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centrifuge and centrifuged again under the same conditions to compact the pellet. The 
supernatant was transferred to a new screw-cap vial without disturbing the pellet using a 50 μl 
Hamilton syringe. 50 μl of TCA supernatant was diluted 1:20 with HPLC running buffer (300 
mM NaCl, 100 mM sodium phosphate) and centrifuged again for 10 min at 16,000g to pellet any 
precipitate carry-over and stored at +4°C for no more than 48 h before analysis. 
The diluted supernatant was injected into the high performance liquid chromatography 
(HPLC) system using a 5 μl sample loop and the AFGP size isoforms separated on a sizing 
column (Tosoh Biosciences Super SW2000, 300 x 4.6 mm, 125 Å pore size, 4 µm particle size, 
5,000–150,000 Dalton fractionation range) with a flow rate of 0.38 ml/min. Elution of the 
smallest AFGP isoform (AFGP 8) was complete by 13 minutes, well before the TCA eluted. 
Integration of the peak profile was completed using E-Lab Chromatography System 
software (OMSTech, FL). The integration areas were proportionally compared with standard size 
isoforms of known concentration. Dilution factors were taken into account to determine the 
concentration in mg/ml of the starting serum. Samples were run in duplicate and the AFGP 
concentrations averaged. This was determined to be an accurate method for AFGP size isoform 
quantification based on weight of AFGP recovered from dialyzed TCA supernatants of serum 
and from removal of TCA by P-2 column separation and recovery (DeVries, unpublished). 
 
Statistical analysis 
A Shapiro-Wilk Test was used to test for normality of the data and homogeneity of the 
residuals was tested using a Levene's Test. Nanoliter values including blood serum osmolytes, 
AFGP and AFPP activities, and total freezing points were analyzed using one-way ANOVAs by 
species with Tukey HSD tests performed on the results of the ANOVAs. One-way ANOVAs 
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were performed on the AFGP size isoform concentrations with Tukey HSD tests performed on 
the results of the ANOVAs. Multiple comparisons were corrected for using Bonferroni 
correction on the p-values. Statistical analysis was completed using R (R v2.14.2, The R 
Foundation for Statistical Computing, package agricolae). 
 
 
Results 
Differences in blood serum freezing point, melting point, and AFGP and AFPP hysteresis 
All species sampled exhibited blood serum freezing points equal to or lower than the 
freezing point of seawater (Table 3.2). L. larseni is a species that is both confined to the WAP in 
its distribution and also only caught in deep water. As such, L. larseni had the highest blood 
serum freezing point which was the same as the freezing point of seawater. All other species had 
serum freezing points lower than -1.9°C. Species with the lowest blood serum freezing points 
included species that are frequently caught in shallower water and are also found circum-
Antarctic such as T. hansoni, N. coriiceps, and N. rossii. The results of the melting/freezing point 
determination, AFGP hysteresis, and AFPP hysteresis are shown in Figure 3.1. All blood serum 
factors were significantly different by species. The ANOVA on the total blood serum freezing 
point was significant by species (F7,72=24.35, p<0.001) and a Tukey HSD test partitioned species 
into three groups with L. larseni having the highest freezing point (-1.94°C), followed by T. 
loennbergii (-2.23°C) which is also confined to deep water though it is found circum-Antarctic. 
T. hansoni and N. coriiceps had the lowest blood serum freezing points (-2.74°C and -2.69°C, 
respectively). The remaining species overlapped with the group with the lowest freezing points 
and T. loennbergii. 
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Blood serum osmolytes were also significant by species (F7,72=33.47, p<0.001) and a 
Tukey HSD test of the results indicated three groupings with both Lepidonotothen species having 
the lowest contributions of blood serum osmolytes and T. hansoni and T. scotti had the highest 
contributions of blood osmolytes followed by N. coriiceps and T. loennbergii. The remaining 
two species overlapped with the lowest and middle groupings. AFGP and AFPP activities were 
also significantly different by species (F7,71=24.77, p<0.001) and (F7,71=3.20, p=0.042), 
respectively, and showed depth and distribution-related trends. For both variables, L. larseni, 
confined to the deep water of the WAP, had the lowest activities. T. hansoni and N. coriiceps had 
the most AFGP activity while N. rossii and L. nudifrons had the greatest AFPP activity, all four 
of these species can be caught in shallower waters. 
 
Species differences in AFGP concentration 
Total AFGP concentration ranged from a low of 14.45 mg/ml in T. scotti to a high of 
33.65 mg/ml in T. hansoni (Table 3.3). An ANOVA on the AFGP concentration determined by 
HPLC indicated significant differences between species (F7,70=19.93, p<0.001) and a Tukey 
HSD test clearly separated the species confined to deep water and those found in both shallow 
and deep waters. The concentrations of the different AFGP size isoforms that contribute to the 
total AFGP concentration also significantly differed by species but did not necessarily partition 
the species based on habitat (Table 3.3, Figure 3.2). A one-way ANOVA for the concentration of 
AFGP 1-5 size isoforms was significantly different by species (F7,70=16.87, p<0.001) and a 
Tukey HSD on the results separated the species into three distinct groups with G. gibberifrons 
having the highest concentrations of AFGP 1-5, T. hansoni having the next highest concentration 
of AFGP 1-5, and L. larseni, N. coriiceps, and N. rossii with the least amount of AFGP 1-5. The 
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remaining species overlapped with T. hansoni and the group with the least amount of AFGP 1-5. 
L. larseni is strictly confined to deep water in the WAP but has similar concentration of the large 
size isoforms to both Notothenia species which are found in deep as well as shallow water 
circum-Antarctic. The Notothenia species make up for this by having increased smaller size 
isoforms while L. larseni maintains low concentration of all size isoforms. 
For the smaller size isoforms, the AFGP 6 size isoform concentration was significantly 
different between species (F7,70=26.57, p<0.001). T. hansoni had the most AFGP 6, followed by 
N. coriiceps. The two Lepidonotothen species, G. gibberifrons, as well as the remaining two 
Trematomus species, which are also confined to deep water, had the least amount of AFGP 6. 
The concentration of the AFGP 7 and 8 size isoforms also significantly differed by species 
(F7,70=27.07, p<0.001). Both Notothenia species and T. hansoni had the most AFGP 7 and 8, L. 
nudifrons had the next highest concentration, and T. loennbergii had the lowest concentration. L. 
larseni and T. scotti overlapped in concentration with L. nudifrons or T. loennbergii. 
 
 
Discussion 
Species inhabiting the western Antarctic Peninsula have circulating AFGP concentrations 
and antifreeze activities that differ from one another with the clearest trend seen in species 
confined to deep water having the lowest antifreeze concentrations and the highest blood serum 
freezing points. All eight species from this study are commonly found in the deep water of the 
WAP (Dewitt et al., 1990). The CDW of the WAP where all of the individuals for this study 
were caught is warmer than the surface water (Garcia et al., 2002), where winter surface water 
temperatures are close to -1.9°C. 
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The freezing points of WAP fishes varied significantly with the highest (-1.94°C) 
observed in L. larseni and the lowest (-2.74°C) in T. hansoni. The variation in the freezing points 
is largely a reflection of the combined activities of blood AFGPs and AFPP since the osmolality 
variations are relatively small. Species within a genus often differ from each other in both their 
antifreeze activities and concentration as in the case of T. hansoni differing from T. scotti and T. 
loennbergii. While all three of the trematomids caught off the WAP can be found circum-
Antarctic (Dewitt et al., 1990) T. hansoni are routinely caught in the shallow near-shore waters 
of the high latitudes while T. loennbergii is only caught at depths greater than 450 m in the high 
latitudes. T. scotti is rarely caught in the high latitudes. This difference in AFP activity and 
concentration appears to be associated with depth. T. loennbergii and T. scotti likely have less 
AFP activity and concentration than T. hansoni because they either inhabit waters that are 
warmer or they inhabit cold waters that are ice-free due to the increased water pressure (Jin and 
DeVries, 2006; Fields and DeVries, 2015), however both of these species do possess high 
enough AFP activity to depress their blood freezing point below that of seawater (Table 3.2). 
The low freezing point and high levels of blood AFGPs in the WAP T. hansoni are not 
surprising because the distribution of this species also includes the high latitude shallow and 
deep waters which are at -1.9°C. Populations of circum-Antarctic species are not genetically 
distinct due to their pelagic larval stages (Loeb et al., 1993; Matschiner et al., 2009) and as a 
result, T. hansoni larvae settling in the near-shore Ross Sea and T. hansoni found in the +0.5°C 
water of the WAP likely have the same number of AFP genes. T. hansoni have higher 
concentrations of circulating AFPs and higher AFP activity than other species that are confined 
to deeper depths or warmer water likely because of their circum-Antarctic distribution. Fields 
and DeVries (2015) found that by comparing populations of Trematomus species from the 
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southwestern Ross Sea with those from the WAP, T. hansoni from the WAP and Ross Sea had 
low blood freezing points when compared to other WAP trematomids. T. hansoni maintains high 
levels and activity of blood AFP despite inhabiting the warm bottom water. Channichthyids 
show a similar latitudinal trend with lower latitude species having less AFP activity than species 
found in higher latitudes (Bilyk and DeVries, 2010). 
N. coriiceps in the WAP occurs both in the warm deep water and in the shallow sub-tidal 
zone in close proximity to winter surface ice necessitating its low freezing point, high 
concentrations of circulating AFPs, and high degree of AFP activity (Figures 3.1 and 3.2). 
Similar to T. hansoni, N. coriiceps also has a circum-Antarctic distribution and this, combined 
with the fact that this species is found both shallow and deep necessitates high levels of AFPs to 
avoid freezing.  
L. larseni, L. nudifrons, and G. gibberifrons are only found in the sub-Antarctic islands 
and the WAP while the three Trematomus species and the two Notothenia species have circum-
Antarctic distributions. L. larseni, T. scotti, and T. loennbergii are confined to deep water 
(Dewitt et al., 1990) and have higher blood freezing points and less circulating AFPs than the 
species whose habitats include both deep and shallow water (L. nudifrons, T. hansoni, N. 
coriiceps, N. rossii, and G. gibberifrons). Observed differences in blood serum melting points are 
likely due to differences in sodium chloride concentrations between species (DeVries, 
unpublished) and could also be the result of temperature-related ion channel effects (Hochachka, 
1988) with species confined to deeper water having lower blood osmolality than species found 
circum-Antarctic or in shallow water. 
L. larseni had the lowest contributions of AFGP, AFPP, and serum melting point to its 
freezing point depression and its AFP activity and freezing point was also significantly different 
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from its sister species, L. nudifrons (Figure 3.1), despite their similar range and habitat (Dewitt et 
al., 1990). L. larseni also had the lowest concentration of circulating blood AFGPs along with T. 
scotti and T. loennbergii although the trematomids have a circum-Antarctic distribution. These 
three species differed in the distribution of the isoforms with L. larseni having the lowest 
concentration of the largest size isoforms (AFGPs 1-5 and 6) and T. loennbergii and T. scotti 
having the lowest concentrations of the smaller size isoforms (AFGPs 6, 7, and 8) (Figure 3.2), 
yet all three were still able to depress their blood serum freezing point to the freezing point of 
seawater or below. Our findings of low AFP concentration and activity for L. larseni are similar 
to what Bilyk and DeVries (2010) found for the icefish Chaenocephalus aceratus (family 
Channichthyidae) which is also confined to the WAP and northern islands suggesting that some 
species in this habitat may be losing their AFGPs due to the absence of freezing temperatures in 
their habitats or that they faced less severe freezing conditions during their evolution than other 
species during historical glacial maxima. 
The AFGP concentrations in some of the species are low compared to others but still may 
provide adequate protection because the relationship of AFGP concentration to blood serum 
freezing point is not linear but hyperbolic. At low concentrations increases in AFGP 
concentration correspond to near-linear decreases in freezing point but the antifreeze activity 
shows progressive attenuation at concentrations greater than 12 mg/ml (DeVries, 1983; DeVries 
and Cheng, 2005). L. larseni, T. scotti, and T. loennbergii all have AFGP concentrations at 
around 14.5 mg/ml (Table 3.3) and the corresponding AFP activity still depresses their blood 
serum freezing point down to, or below, the freezing point of seawater (Table 3.2). The 
remaining species all possess AFGP concentrations in excess of 12 mg/ml and corresponding 
freezing points well below the freezing point of seawater (Table 3.2, Table 3.3). It is clear that 
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species whose distributions include high latitudes or shallow, ice-laden habitats maintain higher 
levels of AFPs to ensure that they avoid lethal freezing, because if they do freeze they can no 
longer contribute to the gene pool. 
In conclusion winter-caught species from the WAP caught from similar thermal 
environments differ from one another. Species within a genus were less similar to one another 
and, in fact, were more often significantly different from one another. Differences in AFP 
activity and concentration appear to be correlated with species thermal distributions with species 
that are commonly found in shallow or icy waters possessing more circulating AFGPs and higher 
AFP activities than species more commonly caught in deeper, warmer, or ice-free waters. 
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CHAPTER 4: VARIATION IN ANTIFREEZE PROTEIN 
CONCENTRATION FROM TREMATOMUS BERNACCHII IN  
MCMURDO SOUND IN RESPONSE TO TEMPERATURE 
 
 
 
Abstract 
McMurdo Sound, Antarctica, has long been considered uniformly cold and constantly at 
its freezing point of about -1.90°C. Data from temperature loggers located at various locations 
throughout McMurdo Sound instead show some seasonal variability of temperature depending 
on location and depth. Blood serum samples from Trematomus bernacchii (suborder 
Notothenioidei) collected from three shallow water locations within McMurdo Sound at different 
times during the early and mid-austral summer were analyzed to determine differences in 
freezing point, antifreeze protein (AFP) concentration, and activity. Conductivity, temperature, 
depth (CTD) casts were performed at time of sampling to correlate environmental temperature 
with blood freezing point, serum antifreeze concentrations, and activities. Fish collected from 
locations where no seasonal warming occurs exhibited high concentrations of AFGP while fish 
collected from a location late in the season after the onset of seasonal warming possessed 
significantly less AFGP. High AFGP levels and activity were correlated with freezing 
temperatures while lower AFGP levels were observed in late-season specimens when warmer 
summer water temperatures were recorded via temperature loggers. However, decreases in 
AFGP concentration did not result in any increase in blood serum freezing point in late-season 
fish due to the non-linear relationship of AFP concentration to activity. 
 
 
Introduction 
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The Southern Ocean contains some of the coldest water temperatures on the planet, 
frequently dropping to freezing (-1.90°C) and maintaining these temperatures in the high 
latitudes (Hunt et al., 2003). The high latitude McMurdo Sound is in close proximity to the Ross 
Ice Shelf and is fed by gyres flowing from the northern Ross Sea as well as from the south, from 
under the ice shelf, making these waters some of the coldest in the Southern Ocean during the 
winter season (Jacobs et al., 1979; Assmann and Timmermann, 2005). However, during the 
summer, these waters are not uniformly cold on a micro scale and there is measurable seasonal 
temperature variation that occurs within this region in the surface water to depths of 
approximately 100 m depending upon location (Hunt et al., 2003). The southern arm of the Ross 
Sea Gyre flows into McMurdo Sound along the eastern side of the Sound (Barry and Dayton, 
1988; Assmann and Timmermann, 2005). During the summer season this current has been 
tracked by a noticeable warm spike in summer water temperature recorded by long-term 
temperature loggers located to the north at Cape Evans and more southerly at McMurdo Station 
(Hunt et al., 2003). Increased water temperature is offset by two weeks at these two locations as 
the summer warm water mass flows south along the eastern coast of Ross Island (Hunt et al., 
2003). Along the eastern shore of Ross Island this brings the surface water temperature above 
freezing (Hunt et al., 2003). McMurdo Sound is bordered to the south by the Ross Ice Shelf and 
as this warm water flows under the shelf, it melts the underside of the shelf where it is cooled 
and freshened (Foldvik and Kvinge, 1977). This cold water exiting from under the ice shelf has 
decreased salinity, freshens the surface water and increases surface ice coverage (Hellmer, 
2004). Multi-year ice build-up with minimal melting has been observed at areas bordering the 
Ross Ice Shelf (Barry and Dayton, 1988). On the western side of the Sound, a cold current exits 
the Ross Ice Shelf and flows north along the western shore of McMurdo Sound into the many 
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embayments including New Harbor and Granite Harbor (Foldvik and Kvinge, 1977; Jacobs et 
al., 1979; Barry and Dayton, 1988).  
A wide variety of marine fauna thrive in the Southern Ocean and McMurdo Sound 
despite winter freezing water temperatures with wide representation from the fishes in the 
suborder Notothenioidei. Of the notothenioids, fishes in the genus Trematomus are the 
predominant fishes in McMurdo Sound. Trematomus bernacchii is a benthic species and, though 
found circum-Antarctic as a species and throughout McMurdo Sound, populations are not 
migratory as adults and spend their adult lives within a narrow (~200 m) habitat range 
(MacDonald, unpublished). The colligative freezing point of T. bernacchii blood and tissue is 
around -1.00°C. With winter water temperatures at their freezing point (-1.90°C) these organisms 
require at least an additional degree of protection to avoid freezing. Fishes of the suborder 
Notothenioidei produce biological antifreeze proteins (AFPs) that bind internal ice crystals and 
inhibit their growth. There are two types of AFPs that contribute to freeze avoidance, the 
antifreeze glycoproteins (AFGPs) that are present in at least 16 different size classes, and an 
antifreeze potentiating protein (AFPP) which enhances the activity of the larger AFGP size 
classes (Jin, 2003; DeVries and Cheng, 2005). The AFGP size classes are grouped by weight 
with the 1-5 isoforms ranging in mass from 32 to 10 kDa and the smaller isoforms 6, 7 and 8 
ranging between 7.8 and 2.7 kDa (Burcham et al., 1984). AFPs have little effect on the melting 
point but lower the blood freezing point well below the freezing point of seawater. The 
separation between the melting point and the freezing point is referred to as a thermal hysteresis. 
The non-colligative depression of the freezing point is caused by the AFP adsorption to ice 
crystals and inhibition of their growth due to the Kelvin effect (Raymond and DeVries, 1977). 
Previous studies have shown that the amount of antifreeze and its activity can vary across 
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thermal habitats that vary by 2 to 4°C within the Southern Ocean (Fields and DeVries, 2015) but 
antifreeze variation within the thermally stable McMurdo Sound region is unknown. This study 
aims to examine intraspecific variation in antifreeze activity and concentration of McMurdo 
Sound populations of T. bernacchii that experience small seasonal temperature changes. We 
hypothesized that small-scale temperature variations would affect antifreeze concentration and 
activity in this species. 
 
 
Materials and Methods 
Sample collection 
Blood serum samples were collected during the 2012-2013 austral summer from 
November through January from specimens of T. bernacchii caught at three different McMurdo 
Sound locations. For each location: New Harbor n=7, Granite Harbor n=15, Cape Evans 
November n=9, Cape Evans January 3 n=10, Cape Evans January 10 n=9 (Table 4.1). Fish were 
caught by hook and line at depths between 20 and 30 m. Two year-round cold water locations 
were located on the western shore of McMurdo Sound (New Harbor, Granite Harbor) with one 
location on the eastern shore of the Sound (Cape Evans) that shows seasonal warming. The Cape 
Evans site was sampled three times without replacement over the course of the season: once in 
late November, and twice in January. Hooked fish were held in aerated coolers at -1.40°C as 
soon as they were pulled from the water until sampling. Fish were bled at the field collection site 
within 30 min of capture. Blood was brought back to the lab on ice and allowed to clot overnight 
at +4°C. Serum was separated from the red blood cells by centrifugation for 10 min at 16,000g 
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and stored at -80°C until analysis. All sampling was completed in accordance with the University 
of Illinois Institutional Animal Care and Use Committee approval protocol number 12123. 
 
Determination of blood serum freezing points and antifreeze hysteresis 
Total blood serum freezing point and antifreeze hysteresis levels were assayed using a 
Clifton nanoliter freezing point osmometer (Clifton Technical Physics) modified from Cziko et 
al. (2006). The instrument was calibrated with distilled water (0 mOsm) and a 1000 mOsm 
standard (Opti-mole, Wescor Inc.). Approximately 10 nanoliters of blood serum were suspended 
in heavy immersion oil in the six wells in the Clifton nanoliter sample holder. The samples were 
cooled until frozen and then slowly warmed until a single ice crystal (approximately 10 μm) 
remained. This temperature was taken as the melting point or equilibrium freezing point. Melting 
and growth of the ice crystals were observed at 200x magnification. 
This single ice crystal was slowly cooled at a rate of about 0.20°C per min and allowed to 
anneal for 1 min at 0.19°C below its melting point and annealed again for 1 min at about 0.56°C 
below its anticipated freezing point. Following the second annealing period, a motor was 
attached to the nanoliter controller and cooling continued at a constant rate of 0.08°C per min 
until sudden rapid growth was observed. This value was recorded as the serum non-equilibrium 
freezing point, or “freezing point.” Melting and freezing point determinations for each individual 
were repeated three times per sample well in three separate wells. The nanoliter milliosmole 
values were converted to degrees Celsius by multiplying the value in mOsm by a constant 
(0.001858°C/mOsm). The total antifreeze activity was defined as the thermal hysteresis for the 
native serum, the difference between the melting point and the freezing point. The averaged 
value from the replicates from an individual fish was taken to be the hysteresis value for that 
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particular individual. For each sample site the hysteresis value was the average of the individual 
values. 
 
Contributions of antifreeze glycoprotein and antifreeze potentiating protein to the serum 
freezing point depression 
Both AFGP and AFPP contribute to the total antifreeze activity of notothenioid blood 
serum (DeVries and Cheng, 2005; Jin and DeVries, 2006). The protocol from Jin and DeVries 
(2006) was modified to determine the relative contributions of the AFGPs and AFPP. The AFGP 
is heat-stable while the AFPP is heat labile and will denature and precipitate upon heating. One 
hundred μl of native serum from each individual were aliquoted into screw-cap microcentrifuge 
tubes and incubated for 10 min in a boiling water bath. The precipitated protein pellet was 
vortexed and the sample was boiled for an additional 5 min. In cases where there was insufficient 
serum, approximately 7 μl of serum was drawn up in a 10 μl glass microcapillary tube, the ends 
sealed in a flame and incubated for 10 min at 100°C. Samples were centrifuged for 10 min at 4°C 
at 16,000g to pellet the precipitate. The resulting supernatant was analyzed as above with the 
Clifton nanoliter osmometer. The thermal hysteresis value of the boiled serum supernatant was 
taken to be the amount of antifreeze activity derived solely from the AFGPs. Subtracting this 
value from the native (unboiled) serum hysteresis gave the amount of antifreeze activity due to 
the AFPP enhancement of the AFGPs in the blood serum. 
 
AFGP concentration determined by high performance liquid chromatography (HPLC) 
Concentration in mg/ml of trichloroacetic acid (TCA)-soluble AFGPs was determined 
using high performance liquid chromatography (HLPC). Exactly 50 μl of native blood serum 
was drawn using a positive displacement glass 50 μl Hamilton syringe and aliquoted into a 0.8 
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ml screw-cap microcentrifuge tube. Hamilton syringes were used because the blood serum is 
sticky and will adhere to the sides of plastic pipette tips. Fifty μl of ultrapure 5% (weight to 
volume) trichloroacetic acid (TCA) was added to the microcentrifuge tube to precipitate all non-
AFGP proteins. The sample was then incubated at 100°C for 5 min as a precaution to precipitate 
any remaining non-AFGP proteins. The sample was centrifuged for 10 min at 4°C and 16,000g 
to pellet the precipitate, the tubes rotated 180° in the centrifuge and centrifuged for an additional 
10 min at 16,000g to further compact the pellet. The supernatant was carefully drawn off without 
disturbing the precipitate using a 50 μl Hamilton syringe and transferred to a new tube. The 
precipitate pellet was centrifuged again for 10 min at 16,000g to further compact the pellet and 
the supernatant drawn off and combined with the first supernatant. The combined supernatant 
was centrifuged for 10 min at 16,000g to pellet any debris. Fifty μl of supernatant was diluted 
1:20 with HPLC running buffer (300 mM NaCl, 100 mM sodium phosphate) and centrifuged 
again for 10 min at 16,000g to pellet any precipitate that may have been carried over. Samples 
were stored at +4°C for no more than 48 h before analysis. 
The diluted supernatant was injected into the HPLC system using a 5 μl sample loop and 
the AFGPs separated on a sizing column (Tosoh Biosciences Super SW2000, 300 x 4.7 mm, 125 
Å pore size, 4 µm particle size, 5,000–150,000 Dalton fractionation range). Elution of the 
smallest AFGP (AFGP 8) was complete at 13 min, well before the TCA eluted with a flow rate 
of 0.38 ml/minute. Samples were run in duplicate. 
Upon completion of the HPLC separation, individual peaks representing the AFGP 1-5, 
6, and 7-8 size isoforms were integrated using E-Lab Chromatography System software 
(OMSTech, FL). These integration areas were proportionally compared with a size isoform 
standard of known concentration run on the HPLC system prior to the sample run. The dilution 
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factors were taken into account to determine the average concentration in mg/ml of the starting 
serum. Initial quantitative HPLC analyses were further corroborated by quantitative recovery of 
AFGPs from a dialyzed TCA supernatant (1 kDa molecular weight cut off). Additionally AFGPs 
in the TCA supernatant of 0.5 ml of serum were separated from the TCA on a Bio-Rad P-2 
column with the salt-free eluent collected, lyophilized, and weighed in the same way as the 
dialyzed sample (data not shown). All three methods yielded total AFGP weights within 1 mg of 
each other and the HPLC method was chosen due to the method’s 50 μl blood serum requirement 
and short elution time (20 min). 
 
Temperature data collection 
Temperature data were collected in two ways. Temperature profiles of the water column 
were obtained using a Seabird 21 CTD (conductivity, temperature, depth) logger at each 
sampling location prior to fish collection (Sea-Bird Electronics). CTD casts were made for 
between 20-30 m for the shallow fishing sites and lowered at a rate of 1 m per second. CTD cast 
data were downloaded using Sea-Bird Electronics software (Sea-Bird Electronics) on site or back 
in the lab. 
Long-term temperature loggers, Sea-Bird Electronics SBE39 or SBE56 (accuracy to 
approximately 0.002°C), were deployed on the bottom at sampling locations by SCUBA divers 
at depths of 25 to 40 m prior to specimen collection in November 2012. Loggers were set with 
the probe at a slightly upward angle and anchored to 50 lb of lead weight. Reflective tape and, in 
some cases, a reflective float was affixed to each logger for future retrieval. Loggers were 
positioned on the bottom substrate so the probe would not be obstructed by rocks or other 
substrate. Temperature was continuously logged every 15 minutes throughout the deployment. 
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GPS coordinates for each logger’s position were obtained at the surface for future recovery. 
Loggers for Cape Evans and the McMurdo Station salt water intake jetty were retrieved by 
divers in December 2014 and the temperatures for 2012 to 2013 downloaded using Sea-Bird 
Electronics software. A logger deployed in 2011 at New Harbor was retrieved in December 2012 
and its temperature data downloaded. Loggers for New Harbor and Granite Harbor deployed in 
2012 have not been retrieved. The temperature logger data from the McMurdo Station salt water 
intake jetty (77°51.061’ S, 166°39.868’ E) is included in this study for comparison. Temperature 
values recorded by the loggers were averaged by day and plotted against collection date. 
 
Statistical analysis 
Collected data were analyzed with a Levene’s test to determine homogeneity of the 
variance and a Shapiro-Wilk test to for normality of the residuals. Blood parameter variables 
including the equilibrium freezing point or melting point, non-equilibrium freezing point, AFGP 
hysteresis, and AFPP hysteresis were analyzed using a nested ANOVA with samplings nested 
within whether the sampling site had undergone seasonal warming or not. A post hoc Tukey 
HSD was used to determine which samplings were driving the significance. Nested ANOVAs 
were also used to determine whether the concentrations of the AFGP size isoforms were 
significantly different by sampling and again Tukey HSD tests were performed post hoc. Data 
analysis was performed in R (R v2.14.2, R statistical computing, package agricolae). 
 
 
Results 
Freezing point and antifreeze activity of T. bernacchii blood serum 
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Total blood serum freezing points across samplings did not significantly differ however 
individual blood serum components such as the activities of the AFGPs and AFPP did differ 
significantly across samplings. Table 4.2 shows the contributions of the antifreeze activity and 
melting point to the blood serum freezing point depression. A nested ANOVA, which nested 
sampling location within thermal condition for total blood serum freezing point was not 
significantly different between cold and warm thermal environments (F1,45=0.42, p=0.521) and 
was also not significant by sampling within the thermal environment (F3,45=1.14, p=0.343), so 
Cape Evans sites that had already undergone seasonal warming did not have higher blood serum 
freezing points than any of the sites that were at -1.90°C. 
The individual antifreeze activities of the AFGPs and AFPP do significantly differ by 
thermal environment, however the combined antifreeze activity does not differ. T. bernacchii 
from thermally warmer environments had significantly lower AFGP activity than individuals that 
had not undergone seasonal warming (F1,44=9.71, p=0.003) but were not significantly different 
by interaction between thermal environment and sampling (F3,44=0.80, p=0.498). A Tukey HSD 
test on the results indicated that T. bernacchii collected from New Harbor had more AFGP 
activity than individuals collected from Cape Evans on January 10 but January 10 Cape Evans 
individuals were not significantly different from January 3 or November Cape Evans samplings. 
Likewise, the AFPP activity for individuals was also different by thermal environment 
(F1,44=9.85, p=0.003) and the interaction between thermal environment and sampling was also 
significantly different (F3,44=2.88, p=0.046). A Tukey HSD test of the results indicated that T. 
bernacchii collected from Cape Evans on January 10 had more AFPP activity (0.89°C) than T. 
bernacchii collected from Granite Harbor (0.58°C). However because samplings with decreased 
AFGP activity also had increased AFPP activity, the total AFP activity was not significantly 
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different by thermal environment (F1,45=0.30, p=0.585) nor by sampling within thermal 
environment (F3,45=1.78, p=0.164). 
 
HPLC analysis of T. bernacchii blood serum AFGP concentration 
Total concentration of AFGP differed by thermal environment with T. bernacchii 
collected at a time of sampling that had not undergone seasonal warming having greater AFGP 
concentration than after seasonal warming had occurred. This is also true for the different size 
isoform contributions to the total AFGP concentration, samplings that had not undergone 
seasonal warming had greater concentrations of the AFGP size classes than regions where 
seasonal warming had occurred. The concentrations of the different AFGP size isoforms (Table 
4.3) determined by HPLC of T. bernacchii blood serum were analyzed using nested ANOVAs 
with samplings nested within the thermal environment. Post-hoc Tukey HSD tests were used to 
determine which samplings were driving significant trends. The AFGP 1-5 isoforms were 
significant by thermal environment (F1,45=11.39, p=0.002) and also significant by sampling 
(F3,45=5.04, p=0.004) with T. bernacchii collected from Granite Harbor having higher 
concentrations of AFGP 1-5 than all Cape Evans-caught fishes. The concentration of size 
isoform 6 was statistically significant by thermal environment (F1,45=7.42, p=0.009) and 
sampling (F3,45=2.10, p=0.113) but a post-hoc analysis was unable to parse the difference. The 
AFGP 7 and 8 size isoform concentrations were also significantly different by thermal 
environment (F1,45=10.87, p=0.002) but not by sampling within thermal environments 
(F3,45=1.32, p=0.281) with T. bernacchii collected from Granite Harbor having significantly 
higher AFGP 7 and 8 isoform concentration than January 3-caught T. bernacchii from Cape 
Evans. Total AFGP concentration differed by whether locations had undergone seasonal 
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warming or not (F1,45=11.98, p=0.001) but not by sampling within thermal environment 
(F3,45=1.98, p=0.130) as late season-caught T. bernacchii had significantly less AFGP 
concentration than Granite Harbor-caught populations (Figure 4.3). 
 
CTD casts 
Water column conductivity, temperature, depth (CTD) recordings were taken at all five 
collection locations/dates at the depth of sampling and downloaded on site or back at McMurdo 
Station. The traces of these casts were overlaid to visualize the temperature and depth trends for 
each of the independent sampling events (Figure 4.3). Temperature at the time of collection at 
New Harbor and Granite Harbor was uniformly -1.90°C from the surface to the sampling depth 
of about 30 m. For the early season Cape Evans (late November) seawater was (-1.825°C) down 
to 30 m but at deeper depths was even colder (-1.85°C). In January at the Cape Evans location 
the seawater at all depths was above the calculated seawater freezing point of -1.90°C and from 
20 m and shallower the water was much warmer. In January at Cape Evans the seawater 
temperature was even above the melting point for fish fluids (approximately -1.00°C). Surface 
water temperatures were cooler due to melting surface ice at between -1.55 and -1.10°C but 
bottom depths were much warmer: -0.85°C for Cape Evans in early January and -0.60°C for 
Cape Evans in mid-January (Figure 4.3). 
 
Long duration temperature loggers 
Long duration temperature loggers at Cape Evans and the saltwater intake jetty recorded 
water temperature from November 2012 to November 2013. The temperature profiles at these 
two locations show a temporal offset with warming occurring later at the salt water intake jetty 
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(Figure 4.4). Summer warming of the seawater at Cape Evans begins in mid-December, peaks at 
-0.31°C in mid-January and cools to near freezing beginning in March. The average logger trace 
temperature for the date of sampling on January 3 and January 10 is -0.89°C and -0.69°C 
respectively, aligning closely with the recorded CTD casts on these dates (-0.85°C and -0.60°C). 
The McMurdo Station salt water intake jetty temperature trace shows the same degree of 
increase in water temperature -1.90°C to a high of -0.32°C on January 18. The onset of seasonal 
warming is at the start of January, two weeks after the onset of seasonal warming at Cape Evans 
(Figure 4.4). 
The temperature logger data retrieved in 2012 at New Harbor for 2011-2012 show 
baseline temperature data of -1.90°C (Figure 4.5). Seasonal warming does occur at this location 
beginning in mid-January but reaches a maximum temperature of only -1.40°C (mid-February). 
Despite the one year offset, New Harbor temperature logger values for early December in 2011 
match the CTD results obtained in 2012 (-1.90°C). 
Temperature logger data was not available for Granite Harbor from 2012. 
 
 
Discussion 
Comparisons of freezing points from the three locations showed no differences nor were 
the contributions of the AFP activities different. However, late season caught fish from Cape 
Evans had less total AFGP concentration than fish from Granite Harbor and thus a decrease in 
AFGP concentration is correlated with temperature change. Data from temperature loggers 
located in shallow water around McMurdo Sound show seasonal variability of temperature, the 
extent of which differs by location. The eastern coast of the Sound experiences annual summer 
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temperatures warming above the freezing point of seawater and also above the equilibrium 
freezing point of resident fishes’ blood serum (-1.07±0.05°C for T. bernacchii in this study). 
Temperature loggers deployed from November 2012 to November 2013 show the extent and 
timing of the annual temperature fluctuations as warmer water from the Ross Sea Gyre enters 
McMurdo Sound and flows south along the shore of Ross Island. Warming is first observed at 
Cape Evans in mid-December and at the McMurdo Station salt water intake jetty about two 
weeks later at the beginning of January (Figure 4.4). The November 2012 to November 2013 
temperature logger data from Cape Evans and the intake jetty closely track the historical 
temperature logger data from prior years (Hunt et al., 2003; Cziko et al., 2014). Logger data and 
the presence of multi-year ice at New Harbor reveal a temperature profile that remains near-
freezing nearly year-round with only a slight temperature increase in January that does not rise 
above the blood serum equilibrium freezing point (Figure 4.5). A fish living its entire life in 
water temperatures that never rise above the equilibrium freezing point experience accumulation 
of ice over its lifetime which apparently cannot be removed by melting. Despite the seasonal 
warming of the eastern shore, Cziko et al. (2014) noted it is the nature of the antifreeze 
mechanism itself that inhibits melting even at temperatures above the equilibrium freezing point 
caused by the tenacious adsorption of the AFPs to the ice and resulting in its superheating. At 
Granite Harbor, seasonal warming can only be inferred from observations of late season sea ice 
melting (DeVries, unpublished). 
CTD casts (Figure 4.3) provide an accurate temperature profile of the water column at 
each location at the time of sampling. In early and mid-January the surface water at Cape Evans 
has low salinity due to the high degree of surface ice melting which takes up heat and contributes 
to a lower surface water temperature. Because of this CTD casts taken in early January show a 
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surface temperature of -1.55°C but a much warmer -0.85°C below 4.5 m. In mid-January, the 
temperature profile is much more dynamic with surface waters at -1.00°C in the upper half of the 
water column and -0.60°C in the lower half (Figure 4.3) likely due to currents mixing the cooled 
surface water with the warmer deep water (Hellmer, 2004). 
In the early season at Cape Evans there is very little temperature difference with Granite 
Harbor (-1.85 and -1.90°C, respectively). In the late season (January), there is an obvious 
temperature difference and the observed difference in AFGP concentration is likely due to the 
increased temperature at this site to -0.85°C and -0.60°C (Figure 4.2, Figure 4.3). The 
differences in AFGP concentration is most pronounced in the AFGP 1-5 isoforms which differ 
between Granite Harbor fish and Cape Evans fish from both early and late season samplings and 
the AFGP 7 and 8 size isoforms which differ between Granite Harbor and late season Cape 
Evans samplings only. Granite Harbor likely warms but the onset of summer warming is 
unknown. At the time of sampling the CTD cast clearly shows that summer warming has not 
occurred. With decreased AFGP concentration we also see a slight but significant decrease in 
AFGP activity but not in overall AFP activity due to increased activity of the AFPP 
enhancement. The interaction of the AFGP and AFPP activities mean that there is no effect of 
environmental temperature on serum freezing point (Table 4.1, Figure 4.1). The increased AFGP 
concentration is not reflected in an increase in serum freezing point depression because the 
relationship between AFP activity and concentration is not linear but hyperbolic. At low 
concentrations, an increase in AFGP concentration results in a large increase in freezing point 
depression but at around 12 mg/ml and higher, the freezing point depression shows a progressive 
attenuation and thus further increases in AFGP concentration do not confer a proportional 
increase in freeze protection (DeVries, 1983; DeVries and Cheng, 2005). The reason for AFGP 
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concentrations produced in excess of that required for freeze protection is unknown. A possible 
explanation might be that these fish are heavily parasitized by leeches and are constantly losing 
body fluids to these parasites or to the outside environment through lesions or wounds (Kock, 
1992). By producing AFPs in excess any fluid loss due to parasitism or skin lesions would not 
dramatically decrease freeze protection. 
The AFGP concentrations from late season Cape Evans (January) individuals were not 
different from individuals caught during the early season (November) at the same location 
(Figure 4.2). By the time we sampled the Cape Evans fish in late November fish in this region 
may have been responding to the slightly warmer (0.05°C) water temperatures or other 
environmental cues and consequently may have already begun to decrease blood AFGP 
concentration levels. Northern hemisphere fishes that produce seasonal AFPs are known to use 
photoperiod and temperature cues in regulating AFP amount and activity (Fletcher et al., 1987; 
Purchase et al., 2001) but since photoperiod was the same at all McMurdo sites only the slightly 
higher temperature at Cape Evans (a change of 0.05 or 0.10°C) is probably the cause of the 
observed decrease in AFGP concentration. The CTD temperature for Cape Evans in November 
was -1.85°C, only 0.05°C warmer than the bottom temperature at Granite Harbor. The long-term 
temperature loggers indicate that at Cape Evans, seasonal warming would begin in mid to late 
December only about three weeks after the early season Cape Evans sampling in late November. 
The nearly year-round freezing temperatures and presence of suspended ice crystals in 
the water column at these location is likely responsible for the high concentration of AFGP and 
low blood serum freezing point in T. bernacchii though slight decrease in AFGP concentration is 
seen in response to a slight seasonal warming. This concentration change is likely associated 
with decreased AFGP production and is not associated with any change in antifreeze activity due 
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to the over-production by maintaining high concentration of circulating AFGPs. We have shown 
that within a small region of the southern Ross Sea with some of the lowest water temperatures 
in the Southern Ocean due to its proximity to the Ross Ice Shelf small scale temperature 
variability does contribute to small decreases in AFP concentration, though not its activity, 
corresponding to small seasonal water temperature increases. 
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FIGURES AND TABLES 
 
Figure 2.1. Total freezing point depression for Antarctic Trematomus species by latitude. 
Freezing point depression defined as the melting point (osmolality as determined by nanoliter 
osmometer converted to temperature, black bars) added to the thermal hysteresis values from the 
antifreeze glycoprotein (AFGP, dark gray bars) and potentiating protein (AFPP, light gray bars). 
Individuals represented are all those listed in Table 2.1. Error bars represent 95% confidence 
intervals and are not reported for T. eulepidotus due to the limited number of specimens collected 
at low latitude (n=2). Asterisks indicate significant differences between the blood serum freezing 
points of high and low latitude populations from post hoc analysis on PC1 corresponding to total 
freezing point depression, AFGP, and AFPP hysteresis. T. loennbergii and T. hansoni 
populations from high latitudes were significantly different from their low latitude counterparts 
(p<0.001) while T. eulepidotus and T. bernacchii populations from high latitudes were not 
significantly different from their low latitude populations (indicated by “NS” in the figure). 
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Figure 2.2. Total serum freezing point depression for Antarctic Trematomus species collected in 
the southwestern Ross Sea by depth. Freezing point depression defined as the melting point 
(osmolality as determined by nanoliter osmometer converted to temperature, black bars) added to 
the thermal hysteresis values from the antifreeze glycoprotein (AFGP, dark gray bars) and 
potentiating protein (AFPP, light gray bars). Individuals represented are all those listed in Table 
2.1. Error bars represent 95% confidence intervals. Asterisks indicate a significant effect of depth 
between shallow and deep water populations for the species with regard to PC1: freezing point 
depression, AFGP, and AFPP hysteresis (p<0.001), and PC2: serum melting point, and AFGP 
hysteresis (p<0.001). T. hansoni deep n=15, shallow n=22; T. bernacchii deep n=12, shallow 
n=26. 
  
 62 
 
 
 
Figure 2.3. Gel electrophoresis of pooled blood serum AFGP from Trematomus species with 
serum from D. mawsoni as a standard. All serum samples were taken from high latitude 
populations of each species with the exception of T. scotti which was from low latitude. 
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Figure 2.4. Gel electrophoresis of purified blood serum AFGP from Trematomus hansoni individuals from shallow water in the 
southwestern Ross Sea (A) compared with T. hansoni individuals collected from deep water from both the southwestern Ross Sea and 
the WAP (B). SP is the pooled T. hansoni serum from shallow-water Ross Sea individuals. Dm is a purified blood serum AFGP 
standard from Dissostichus mawsoni. AFGP isoforms 6, 7, and 8 are present in high amount while banding pattern and intensity varies 
for the AFGPs 1-5. 
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Table 2.1. Catch year and location for Trematomus specimens obtained. Also includes method 
and depth of capture and water temperature at time of catch. 
 
Species n Year Location Latitude Method Depth 
(m) 
Water 
Temp. (°C) 
T. scotti 1 2003 South Shetland 
Islands 
62°12’S Bottom trawl 400 +0.2 
T. scotti 6 2008 Gerlache Strait 64°29’S Bottom trawl 500 -0.25 
T. loennbergii 1 1995 McMurdo Sound 77°50’S Baited trap 500 -1.9 
T. loennbergii 1 1999 McMurdo Sound 77°50’S Baited trap 500 -1.9 
T. loennbergii 1 2001 McMurdo Sound 77°50’S Baited trap 500 -1.9 
T. loennbergii 3 2003 McMurdo Sound 77°50’S Baited trap 500 -1.9 
T. loennbergii 14 2004 McMurdo Sound 77°50’S Baited trap 500 -1.9 
T. loennbergii 2 2007 McMurdo Sound 77°50’S Baited trap 500 -1.9 
T. loennbergii 10 2008 Hugo Island 64°56’S Bottom trawl 500 +1.5 
T. tokarevi 3 2003 
South Shetland 
Islands 
62°12’S 
Bottom trawl 450 
+0.25 
T. eulepidotus 2 2003 
South Shetland 
Islands 
62°12’S 
Bottom trawl 450 
+0.3 
T. eulepidotus 8 2005 Terra Nova Bay 74°55’S Hook and line 30 -1.9 
T. pennellii 8 2010 McMurdo Sound 77°50’S Hook and line 30 -1.9 
T. newnesi 13 2000 McMurdo Sound 77°50’S Hook and line 20 -1.9 
T. newnesi 2 2001 McMurdo Sound 77°50’S Hook and line 30 -1.9 
T. newnesi 6 2002 McMurdo Sound 77°50’S Hook and line 30 -1.9 
T. newnesi 19 2010 McMurdo Sound 77°50’S Hook and line 30 -1.9 
T. hansoni 10 2005 Terra Nova Bay 74°55’S Baited trap 425 -1.9 
T. hansoni 9 2005 Terra Nova Bay 74°55’S Baited trap 25 -1.9 
T. hansoni 15 2008 Andvord Bay 64°50’S Trap/Trawl 500 -0.25 
T. hansoni 13 2010 McMurdo Sound 77°50’S Hook and line 20 -1.9 
T. hansoni 5 2011 McMurdo Sound 77°50’S Baited trap 375 -1.9 
T. nicolai 7 2001 McMurdo Sound 77°50’S Hook and line 30 -1.9 
T. nicolai 7 2004 McMurdo Sound 77°50’S Hook and line 30 -1.9 
T. nicolai 9 2010 McMurdo Sound 77°50’S Hook and line 30 -1.9 
T. bernacchii 6 2003 McMurdo Sound 77°50’S Hook and line 20 -1.9 
T. bernacchii 10 2005 Terra Nova Bay 74°55’S Baited trap 20 -1.9 
T. bernacchii 4 2008 Andvord Bay 64°50’S Baited trap 380 -0.25 
T. bernacchii 10 2010 McMurdo Sound 77°50’S Hook and line 20 -1.9 
T. bernacchii 12 2011 McMurdo Sound 77°50’S Baited trap 200 -1.9 
P. borchgrevinki 5 2002 McMurdo Sound 77°50’S Hook and line 4 -1.9 
P. borchgrevinki 7 2003 McMurdo Sound 77°50’S Hook and line 4 -1.9 
P. borchgrevinki 1 2010 McMurdo Sound 77°50’S Hook and line 4 -1.9 
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Table 2.2. Blood serum melting point, AFGP and AFPP thermal hysteresis, and total freezing point depression for Trematomus 
species by latitude with 95% confidence intervals. 
 
Species Latitude n Native Serum 
Melting Point (mp) 
Depression (°C) 
AFGP (Boiled mp 
– Boiled fp) (°C) 
AFPP (Native fp 
– Boiled fp) (°C) 
Native Serum 
Freezing Point (fp) 
Depression (°C) 
T. scotti Low 7 1.11 ± 0.06 0.81 ± 0.08 0.32 ± 0.08 2.25 ± 0.11 
T. tokarevi Low 3 1.03 ± 0.01 1.20 ± 0.25 0.34 ± 0.27 2.57 ± 0.11 
T. loennbergii Low 10 0.94 ± 0.02 0.77 ± 0.06 0.25 ± 0.04 1.95 ± 0.08 
T. loennbergii High 22 1.03 ± 0.04 0.99 ± 0.4 0.47 ± 0.04 2.48 ± 0.07 
T. eulepidotus Low 2 1.03 1.16 0.22 2.41 
T. eulepidotus High 8 1.10 ± 0.08 1.16 ± 0.08 0.37 ± 0.05 2.63 ± 0.15 
T. hansoni Low 15 0.99 ± 0.02 1.10 ± 0.02 0.38 ± 0.04 2.45 ± 0.06 
T. hansoni High 38 1.04 ± 0.04 1.22 ± 0.04 0.69 ± 0.08 2.96 ± 0.08 
T. bernacchii Low 4 1.11 ± 0.08 1.20 ± 0.12 0.44 ± 0.16 2.75 ± 0.20 
T. bernacchii High 38 1.06 ± 0.01 1.25 ± 0.05 0.68 ± 0.06 2.99 ± 0.08 
T. pennellii High 8 0.97 ± 0.06 1.32 ± 0.12 0.32 ± 0.06 2.60 ± 0.13 
T. nicolai High 23 0.96 ± 0.02 1.20 ± 0.08 0.55 ± 0.04 2.72 ± 0.09 
T. newnesi High 40 0.98 ± 0.04 1.28 ± 0.04 0.49 ± 0.06 2.75 ± 0.07 
P. borchgrevinki High 13 1.09 ± 0.02 1.26 ± 0.05 0.98 ± 0.14 3.32 ± 0.13 
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Table 2.3. Variance and loadings from the Principal Component Analysis. Components one and 
two contain >80% of the variation and correspond to freezing point, AFGP, and AFPP hysteresis 
(PC1) and melting point and AFGP hysteresis (PC2). 
 
 
 
 
 
 
 
  
Importance: PC1 PC2 PC3 PC4 
Standard Deviation 1.511 1.036 0.802 0.010 
Variance Proportion 0.571 0.268 0.161 <0.001 
 
 
    
Loadings: PC1 PC2 PC3 PC4 
Melting Point -0.163 0.882 -0.402 0.183 
Freezing Point -0.661   -0.749 
AFGP Hysteresis -0.474 -0.460 -0.636 0.399 
AFPP Hysteresis -0.558  0.659 0.496 
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Figure 3.1. Freezing point depression of blood components for Antarctic nototheniid species. 
The blood serum melting point depression (osmolality as determined by nanoliter osmometer 
converted to temperature), thermal hysteresis values from the antifreeze glycoprotein (AFGP), 
and potentiating protein (AFPP) are given for each species. Gray boxes indicate species 
distribution with the two Lepidonotothen species and G. gibberifrons confined to the WAP and 
the remaining species found circum-Antarctic. DW and dark boxes indicates species that are only 
caught in deep water. Individuals represented are those listed in Table 3.1. Error bars represent 
95% confidence intervals. 
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Figure 3.2. Antifreeze glycoprotein concentration as determined by HPLC for each of the eight 
species. Total AFGP concentration is separated into the contributions of three size isoform 
classes: AFGP 1-5, AFGP 6, and AFGP 7&8. Gray boxes indicate species distribution with the 
two Lepidonotothen species and G. gibberifrons confined to the WAP and the remaining species 
found circum-Antarctic. DW and dark boxes indicates species that are only caught in deep water. 
Error bars represent 95% confidence intervals. 
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Table 3.1. Catch location and depth of capture for nototheniid species trawled from the WAP waters in austral winter 2014. 
 
  
Species n Catch Location Latitude Depth (m) 
Trawl Length 
(min) Trawl Type 
L. larseni 12 Low Island 63° 29’ S 150-180 20 Otter 
L. nudifrons 7 Low Island 63° 29’ S 150-180 20 Otter 
G. gibberifrons 13 Low Island 63° 29’ S 150-180 20 Otter 
N. rossii 7 
    
Otter 
N. coriiceps 14 Low Island 63° 29’ S 150-180 20 Otter 
T. scotti 9 Gerlache Strait 64° 45’ S 325-380 15 Blake 
T. loennbergii 5 Hugo Island 64° 50’ S 650-690 40 Blake 
T. hansoni 13 Gerlache Strait 64° 45’ S 350-380 15 Blake 
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Table 3.2. Blood serum equilibrium freezing point depression (melting point), AFGP and AFPP hysteresis, and total freezing point 
depression (non-equilibrium freezing point) for nototheniid species with 95% confidence intervals. Letter groupings indicate 
significance groupings for total blood serum freezing point depression. 
 
Species n 
Native serum 
melting point (mp) 
depression (°C) 
AFGP (native fp 
− boiled fp) (°C) 
AFPP (native 
hysteresis − 
AFGP) (°C) 
Native serum 
freezing point (fp) 
depression (°C) 
L. larseni 12 0.87 ± 0.04 0.77 ± 0.06 0.30 ± 0.04 1.94 ± 0.05
a 
L. nudifrons 7 0.88 ± 0.02 0.88 ± 0.10 0.54 ± 0.26 2.30 ± 0.14
b,c 
G. gibberifrons 13 0.97 ± 0.06 0.87 ± 0.08 0.49 ± 0.08 2.33 ± 0.05
b,c 
N. rossii 7 0.86 ± 0.04 0.98 ± 0.12 0.54 ± 0.16 2.40 ± 0.04
b,c 
N. coriiceps 14 1.00 ± 0.02 1.16 ± 0.04 0.53 ± 0.02 2.69 ± 0.02
d 
T. scotti 9 1.18 ± 0.01 0.82 ± 0.04 0.51 ± 0.03 2.51 ± 0.07
c,d 
T. loennbergii 5 1.00 ± 0.02 0.82 ± 0.06 0.41 ± 0.05 2.23 ± 0.06
b 
T. hansoni 13 1.10 ± 0.03 1.21 ± 0.05 0.43 ± 0.07 2.74 ± 0.04
d 
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Table 3.3. AFGP concentration in mg/ml for nototheniid species as determined by HPLC. The total AFGP concentration for each 
species is broken down into the contributing size isoforms. Letter groupings indicate significance groupings for total AFGP 
concentration. All values are reported with 95% confidence intervals. 
 
Species n 
Total AFGP 
(mg/ml) 
AFGP 1-5 size 
isoforms (mg/ml) 
AFGP 6 size 
isoforms (mg/ml) 
AFGP 7&8 size 
isoforms (mg/ml) 
L. larseni 12 14.92 ± 2.33
a 
4.68 ± 0.73 1.60 ± 0.24 8.65 ± 1.43 
L. nudifrons 7 21.70 ± 4.15
a,b 
6.22 ± 0.75 2.21 ± 0.33 13.26 ± 3.60 
G. gibberifrons 13 25.88 ± 4.44
b,c 
11.04 ± 1.63 2.16 ± 0.41 12.69 ± 2.99 
N. rossii 7 26.65 ± 4.10
b,c 
5.03 ± 0.68 2.29 ± 0.23 19.33 ± 3.34 
N. coriiceps 14 29.60 ± 2.62
b,c 
5.11 ± 0.44 3.03 ± 0.22 21.45 ± 2.11 
T. scotti 9 14.45 ± 1.76
a 
5.64 ± 1.57 1.86 ± 0.31 6.94 ± 0.93 
T. loennbergii 5 14.64 ± 1.93
a 
6.75 ± 0.82 1.67 ± 0.22 6.21 ± 1.25 
T. hansoni 13 33.65 ± 3.06
c 
8.02 ± 1.00 4.07 ± 0.41 21.56 ± 2.14 
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Figure 4.1. Freezing point depression of blood components for T. bernacchii at each sampling 
location. The blood serum melting point depression (osmolality as determined by nanoliter 
osmometer converted to temperature), thermal hysteresis values from the antifreeze glycoprotein 
(AFGP), and potentiating protein (AFPP) are given for each species. Individuals represented are 
all those listed in Table 4.1. Error bars represent 95% confidence intervals. 
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Figure 4.2. Concentration of the three different AFGP size isoforms in mg/ml as measured by 
HPLC for individuals from each sampling location. Total AFGP concentration is split into the 1-
5 size isoforms, the size 6 isoform, and the 7&8 size isoforms. Error bars indicated a 95% 
confidence interval. Total numbers of individuals are those listed in Table 4.1. Asterisks indicate 
significance between Granite Harbor individuals compared with late season Cape Evans 
individuals. 
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Figure 4.3. CTD cast results for each of the three sampling locations at each time of sampling. 
The temperature trace for New Harbor (dashed line) and Granite Harbor (dotted line) are 
superimposed on the far left of the graph and are uniformly at -1.90°C. The trace for November 
collection at Cape Evans (solid line) is offset at -1.85°C. The two late season Cape Evans traces 
are at the far right with the trace from Jan 03 being a full degree warmer than the early season 
collection (-0.85°C, long dashed line) and the warmest at -0.60°C (Jan 10, dashed and dotted 
line). 
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Figure 4.4. Annual temperature trace from long-deployment temperature loggers at Cape Evans 
(A) and the McMurdo Station salt water intake jetty (B) from 2012-2013. Seasonal warming 
observed at the jetty site is offset by about two weeks from seasonal warming observed at Cape 
Evans. 
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Figure 4.5. Annual temperature trace from long-deployment temperature logger at New Harbor 
from 2011-2012. Seasonal warming is seen beginning in mid-Jan but temperatures never rise 
above the equilibrium freezing point of fish blood serum (approx. -1.00°C). 
 
  
 77 
 
Table 4.1. Locations with latitudes and longitudes, dates, and numbers (n) of T. bernacchii 
specimens collected from McMurdo Sound during the austral summer 2012-2013. Bottom 
temperatures from CTD casts are included for reference. Latitudes and Longitudes are ± 100 m. 
 
 
 
  
Location Date n Latitude Longitude Bottom Temp. (°C) 
New Harbor Dec 03, 2012 7 77°34.576’ S 163°31.762’ E -1.90 
Granite Harbor Dec 19, 2012 15 77°00.715’ S 162°51.515’ E -1.90 
Cape Evans Nov 27, 2012 9 77°38.061’ S 166°24.913’ E -1.85 
 
Jan 03, 2013 10 77°38.061’ S 166°24.913’ E -0.85 
 
Jan 10, 2013 9 77°38.061’ S 166°24.913’ E -0.60 
 78 
 
Table 4.2. Blood serum melting point depression, AFGP and AFPP hysteresis contributing to the total freezing point depression for T. 
bernacchii from each location with 95% confidence intervals. 
 
 
 
 
 
 
 
 
 
 
  
Location Date 
Native serum 
melting point (mp) 
depression (°C) 
AFGP (native fp 
− boiled fp) (°C) 
AFPP (native 
hysteresis − 
AFGP) (°C) 
Native serum 
freezing point (fp) 
depression (°C) 
New Harbor Dec 03, 2012 1.08 ± 0.03 1.48 ± 0.11 0.71 ± 0.05 3.25 ± 0.07 
Granite Harbor Dec 19, 2012 1.12 ± 0.02 1.44 ± 0. 06 0.58 ± 0.11 3.14 ± 0.05 
Cape Evans Nov 27, 2012 1.08 ± 0.04 1.38 ± 0.07 0.72 ± 0.08 3.17 ± 0.04 
 
Jan 03, 2013 1.04 ± 0.03 1.32 ± 0.10 0.73 ± 0.09 3.09 ± 0.04 
 
Jan 10, 2013 1.03 ± 0.02 1.27 ± 0.13 0.89 ± 0.12 3.19 ± 0.08 
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Table 4.3. AFGP concentration in mg/ml for T. bernacchii sampled from each location as determined by HPLC. The total AFGP 
concentration for each species is broken down into the contributing size isoforms. All values are reported with 95% confidence 
intervals. 
 
Location Date 
Total AFGP 
(mg/ml) 
AFGP 1-5 
Isoform (mg/ml) 
AFGP 6 Isoform 
(mg/ml) 
AFGP 7-8 
Isoform (mg/ml) 
New Harbor Dec 03, 2012 38.70 ± 3.88 6.68 ± 0.76 3.02 ± 0.29 29.00 ± 2.97 
Granite Harbor Dec 19, 2012 42.19 ± 2.66 7.48 ± 0.43 3.18 ± 0.21 31.53 ± 2.16 
Cape Evans Nov 27, 2012 37.83 ± 1.94 5.99 ± 0.45 2.80 ± 0.14 29.04 ± 1.59 
 
Jan 03, 2013 34.94 ± 3.13 5.98 ± 0.67 2.70 ± 0.25 26.25 ± 2.31 
 
Jan 10, 2013 35.94 ± 3.08 5.94 ± 0.69 2.79 ± 0.23 27.21 ± 2.38 
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